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GENERAL INTRODUCTION 
Considerable research has been devoted to developing 
systems to improve crop residue utilization by ruminants. The 
main goal of these efforts has been to increase the intake of 
these low quality forages. Two approaches of improving crop 
residue utilization have been used: 1) Physical or chemical 
treatment of the roughages to increase the accessibility of 
the digestible polysaccharides to microbial enzymes by 
partially removing non-digestible cell wall components; and 2) 
supplementation with nutrients that are deficient in the 
roughage. Physical and chemical treatments are not feasible 
under most circumstances. Therefore, supplementation seems to 
have a wider scope of practical applications to improve 
utilization of crop residues. 
Considering that all reactions in the rumen are 
integrated parts of an interactive network of events that 
comprise rumen metabolism and function, intervention with a 
specific part of the system may result in a series of 
interrelated effects on other components. Supplements, for 
example, may affect not only ruminai microbial growth or 
activity of one or more microbial species, but also may alter 
kinetic parameters, such as the passage rate of the liquid or 
particulate phase of digesta. This relationship suggests that 
simultaneous measurement of parameters at the level of the 
microbes and substrates and kinetic measurements of attachment 
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and digestion, may offer comprehensive information to assess 
and understand the effects of a particular treatment on the 
digestive process. This study presents an approach to monitor 
and quantify the effects of protein supplementation with 
broiler litter or urea on corn stover cell wall digestion by 
growing cattle. Enzyme extracts of particle-attached 
microorganisms from the rumen of animals fed corntalks 
supplemented with different protein sources were used to 
evaluate cellulolytic activity on different substrates. 
Furthermore, in vivo and in situ procedures were used to 
evaluate digestion and passage kinetics to attempt to improve 
information on the effects of supplements on ruminai fiber 
digestion. 
The objectives of this study were: 1) to evaluate 
trinitrophenol-cellulose (TNP-C) as a substrate to estimate 
the cellulolytic activity ôf ruminai microorganisms attached 
to cornstalk particles; and 2) to evaluate the effects of 
broiler litter supplementation on microbial cellulolytic 
activity and the digestive kinetics of cornstalks in the 
rumen. 
An Explanation of the Dissertation Organization 
This dissertation is organized in a format that allows 
for the preparation of independent papers which are suitable 
for submission to refereed journals, as described in the Iowa 
State University Graduate College Thesis Manual. Two 
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individual scientific papers have been prepared which are 
closely related to the evaluation of the effects of chemical 
treatment and nitrogen supplementation on digestion and 
utilization of corn stover by ruminants. Papers are preceded 
by a literature review and followed by a general discussion 
and references cited in the general introduction and the 
general discussion follow the general discussion. The first 
paper describes the use of enzymatic extracts from rumen 
microorganisms attached to corn leaves or cornstalks incubated 
in the rumen to evaluate cellulolytic activity with two 
different substrates. This paper is written in the format of 
the Applied and Environmental Microbiology. The second paper 
discusses the effects of supplementation of cornstalk diets 
with ensiled broiler litter on the cellulase activity of 
particle-attached microorganisms and the digestive kinetics of 
cornstalk cell walls in the rumen of growing cattle. This 
paper is in the format used by the Journal of Animal Science. 
Literature Review 
The efficiency of utilization of corn crop residues by 
ruminants depends on factors associated with the chemical and 
morphological composition of the plant and the physiological 
characteristics of the animal consuming the roughage (Leng, 
1990). Chemical compositions of plant parts and their 
relative proportions in crop residues are in turn, affected by 
the genetic background of the plant and the soil, environment 
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and other conditions under which the plant is grown and 
harvested (Fernandez-Rivera et al., 1989 ). Corn crop 
residues, such as cornstalks, are characterized by a high 
proportion of cell wall material (70-80% NDF) and a low 
concentration of protein (4-7%; Fernandez-Rivera et al., 
1989). Several investigators (Adamu et al., 1989; Fernandez-
Rivera et al., 1989) reported that protein is the limiting 
nutrient in cornstalk diets for cattle. Positive growth 
responses following supplementation of cornstalks with protein 
escaping ruminai degradation and urea for growing cattle have 
been reported (Fernandez-Rivera et al., 1989). These results 
suggest that nitrogen (N) supplements may enhance microbial 
growth and activity and, thereby, affect the rate and extent 
of cell wall degradation. Physical restrictions imposed by 
indigestible cell wall components such as lignin may, however, 
limit the effect of N supplements on cell wall digestion. 
This conclusion is supported by experimental results showing 
that, when N supplements are fed, body weight gains of animals 
receiving chemically treated roughages are greater than those 
fed untreated roughages (Orskov and Grubb, 1978). Literature 
concerning interactions between composition of the material, 
microbial growth and activity, supplementation, and ruminai 
fermentation and kinetic parameters during cell wall 
degradation follows and addresses the complexity of the 
subject. 
5 
Microbial attachment and degradation of plant cell walls 
The sequence of events that occur during the degradation 
of plant material in the rumen have been monitored (Latham et 
al., 1978; Akin and Barton, 1983; Cheng et al., 1984). 
Microbial species that utilize structural polysaccharides as 
their major energy source are able to adhere to plant 
materials in the rumen. Bacteria, fungi and protozoa colonize 
almost all types of plant materials except intact outer plant 
surfaces (Chesson and Forsberg, 1988). Fungi seem to surpass 
bacteria in their ability to colonize surfaces that are most 
resistant to digestion (Orpin and Joblin, 1988) and may have a 
greater potential than protozoa or bacteria to digest 
lignocellulosic material. In contrast, bacteria adhere to the 
more accessible components of the plant material (Akin, 1988). 
Epidermal lesions are the main route of colonization into most 
plant materials (Akin, 1989). During colonization of leaves, 
however, entry of bacteria through stomatae is important 
(Cheng et al., 1984). In the rumen environment, as much as 
75% of microbial cells are associated with feed particles 
(Williams and Strachan, 1984; Cheng et al., 1984). Despite 
the importance of the attachment process, the mechanisms of 
adherence of fungi and protozoa are not completely understood 
(Chesson and Forsberg, 1988; Williams and Coleman, 1988). 
Anaerobic bacterial systems degrade cellulose by the action of 
cellulosomes, located on the cell surface (Coughlan, 1991), 
and the mechanisms of attachment to cellulose and other 
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fibrous materials differ among bacterial species (Chesson and 
Forsberg, 1988). The cellulolytic microorganisms, 
Rumlnococcus albus and Ruminococcus flavefaciens, appear to 
be loosely attached to the cell walls whereas Fibrobacter 
succinogenes is tightly attached to the surface of the 
material being digested (Latham et al., 1978/ Akin and Barton, 
1983; Cheng et al., 1984; Chesson and Forsberg, 1988). 
Although Fibrobacter succinogenes will actively degrade 
recalcitrant forms of cellulose such as cotton fibres (Groleau 
and Forsberg, 1981), cell extracts of F. succinogenes will 
digest very little crystalline cellulose (Groleau and 
Forsberg, 1981). These differences may affect not only the 
colonization and degradation of particulate material in the 
rumen, but also affect the composition of bacterial pellets or 
enzymatic extracts from particle-attached microorganisms 
obtained after washing digesta samples. Differences in 
washing procedures, in turn, may preclude the comparison of 
microbial parameters obtained under different experimental 
conditions. Moreover, there is no unified criterion among 
researchers in defining microbial attachment, adherence or 
association to particles (Williams and Strachan, 1984) and 
these terms may, in some cases, be used to describe different 
degrees of association between the feed particles and the 
microorganisms. 
Plant cell wall polysaccharides, particularly cellulose 
and hemicellulose, are incompletely digested by ruminai and 
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intestinal microorganisms (Chesson and Forsberg, 1988) and are 
recovered in large amounts in the feces under certain 
conditions. Cell wall polysaccharides from plant tissues such 
as mesophyll are rapidly degraded. Similar polysaccharides 
from other cell wall types, such as the vascular bundles, 
resist degradation, even after long periods of rumen 
incubation (Akin, 1988; Chesson and Forsberg, 1988). The 
extent to which individual plant cell walls are degraded in 
the rumen depends on anatomical and physiological factors of 
the plant. Cuticular material and waxes protect cell walls 
from microbial attack (Chesson and Forsberg, 1988) or at least 
delay the degradation process by limiting access of more 
digestible polysaccharides to the microorganisms (Akin, 1988). 
Degradation of plant cell walls also may be limited by a 
lignified layer adhering to the inner cell wall surface and 
known as a 'warty layer' (Chesson and Forsberg, 1988). Using 
histochemical analyses. Akin (1988) determined variations in 
lignification and digestibility in forages. Tissues which 
stain positive for lignin with acid phloroglucinol, such as 
xylem in grass leaf blades and epidermis, sclerenchyma ring 
and xylem in grass stems, are totally resistant to microbial 
attachment and attack (Akin, 1988). In contrast, sclerenchyma 
in grass leaves and parenchyma in grass stems stain positive 
for lignin with the chlorine sulphite test, but are suceptible 
to microbial attack, even though they are poorly degraded 
(Akin, 1988). 
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The crystallinity of cellulose also has been implicated 
to limit cell wall digestion in the rumen (Van Soest, 1982) . 
Some information suggests, however, that amorphous and 
crystalline regions of cellulose are degraded at a common rate 
in the rumen (Chesson and Forsberg, 1988). The degradation of 
cellulose in the rumen varies considerably despite its 
structural simplicity, relative to other cell wall components 
such as hemicellulose and lignin (Rasmussen et al., 1988). 
Physical factors, such as crystallinity or association with 
lignin and other polymers, contribute to this variability (Van 
Soest, 1982). 
Methods to assess bacterial attachment to plant cell walls 
Attachment of bacteria to solid digesta particles in the 
rumen was first established in microscopic studies (Baker and 
Martin, 1938). Scanning electron microscopy has allowed study 
of the relationship between microorganisms and colonized plant 
cell walls (Grenet, 1991). Using this technique, adherence of 
bacteria (Latham et al., 1978; Cheng and Costerton, 1979) 
protozoa (Amos and Akin, 1978) and fungi (Bauchop, 1981) to 
digesta particles has been determined. Transmission electron 
microscopic techniques have been used to determine the 
ultrastructural cytochemistry of plant cell walls and the 
mechanism of cell wall degradation by rumen microorganisms 
(Grenet, 1991). These methods are important for one to be 
able to describe morphological changes in the particle being 
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digested (Akin, 1979), microbial mechanisms of adherence 
(Latham et al., 1978; Cheng et al., 1984) and the microbial 
species involved in ruminai microbial colonization and 
digestion of plant materials (Akin, 1979; Cheng et al., 1984). 
The qualitative description of attachment and 
colonization by microscopic methods, however, are of less 
importance for quantitatively relating attachment and 
digestion of fibrous materials because a large number of non-
cellulolytic organisms adhered to particles being digested 
(Hungate, 1966). Also, cellulolytic activities differ between 
adherent species (Minato and Suto, 1981) and digestive kinetic 
parameters (Mertens and Ely, 1982) such as the passage rates 
of the particulate and liquid phases of the ruminai digesta, 
influence the overall digestion process of the particulate 
material in the rumen. 
Quantitative techniques for the determination of 
adherence of ruminai bacteria to cellulose in vitro include 
turbidometric assays using cellulose powder (Minato and Suto, 
1981) and assays using quantification of ^^C-labeled bacterial 
cells bound to standardized cellulose disks (Rasmussen et al., 
1989). In the turbidometric assay (Minato and Suto, 1981), 
the adherence of microbial cells to cellulose powder is 
estimated by measuring the decrease of optical density in 
rumen fluid after sedimentation of cellulose powder (Avicel). 
In this procedure, bacterial attachment to cellulose occurred 
immediately after addition of the cellulose powder and 
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increased with increasing temperature up to 38°C. By eluting 
the attached bacteria from the cellulose with a solution of 
methylcellulose, these authors demonstrated that gram-negative 
species were the most abundant type of bacteria attached to 
cellulose. Similarly, Roger et al. (1990) reported that R. 
flavefaciens adhere to cellulose in less than 1 min. 
Furthermore, they suggested that the adherence structure was 
an integral part of the bacterial cell and that the process 
involved interactions between the bacterial cell and divalent 
cations such as Ca2+ and Mg^"*". Based on these observations and 
that of Morris and Cole (1987) who found that JR. albus adhered 
to cellulose within 5 min after the addition of the substrate, 
Roger et al. (1990) indicated that these organisms are able to 
colonize plant tissues immediately after particles enter the 
rumen. R. albus possibly colonize cellulose faster than F. 
succinogenes. These authors also suggested that proteins and 
bacterial cellulases are involved in the adhesion of F. 
succinogenes to cellulose. 
It was demonstrated (Rasmussen et al., 1989), however, 
that in methods using cellulose particles and sedimentation, 
like the turbidometric method, bacterial entrapment in the 
cellulose suspension could not be distinguished from true 
adherence. An alternate technique using cellulose disks that 
eliminated the problem of nonspecific cell entrapment within 
cellulose particles was then developed (Rasmussen et al., 
1989). Using the cellulose disk technique, Rasmussen et al. 
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(1989) demonstrated that the adherence of Ruminococcus 
flavefaciens FDl to cellulose was inhibited by formaldehyde, 
methylcellulose and carboxy-methyl cellulose, but was 
unaffected by acid hydrolysates of methylcellulose and 
soluble carbohydrates such as glucose and cellobiose. 
Although aspects of microbial attachment have been 
described, quantitative data on attachment of bacteria to 
particles in situ are limited. Using microscopic techniques, 
Demeyer (1981) reported that plant tissue particles entering 
the rumen are colonized within 5, 15 and 120 min by bacteria, 
protozoa and fungi, respectively. 
Because digestion of plant materials in the rumen is the 
result of bacterial adhesion and cellulolytic activity (Cheng 
et al., 1984), both processes should be assessed. Structural 
cellulose is a crystalline polymer associated in a matrix with 
lignin and hemicellulose and as such is highly resistant to 
enzymatic attack (Wood and Saddler, 1988). Because of this 
complex structure, a variety of enzymes with oxidative, 
phosphorolytic and hydrolytic activities are required for 
cellulose degradation (Coughlan, 1991). Furthermore, it has 
been demonstrated (Hungate, 1966; Akin, 1988; Cheng et al., 
1984) that in the rumen ecosystem, degradation of structural 
carbohydrates is the result of the synergistic activities of 
microbial enzymes from different species. Cellulolytic 
systems from bacteria, protozoa and fungi include 
endocellulases (cellulase or 1,4-beta-D-glucan-4-
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glucanohydrolase), exocellulases (cellulose 1,4-beta-D-
cellobiosidase or 1,4-beta-D-glucanocellobiohydrolase) , and 
beta-glucosidases (Williams, 1988). All of these enzymes 
exist in multiple forms which differ in their relative 
activities on different substrates (Wood and Bhat, 1988). 
Furthermore, activities of these enzymes are higher in the 
microbial population attached to digesta particles in the 
rumen (Williams and Strachan, 1984) than in bacteria present 
in the liquid phase of digesta. The determination of 
cellulolytic activity is difficult, given the physical 
heterogenity of cellulosic substrates and the complexity of 
the cellulase system. Moreover, assay methods used to 
evaluate cellulolytic activity have been criticized for lack 
of sensitivity and specificity (Wood and Bhat, 1988; Coughlan, 
1991). Further advances in understanding microbial 
interactions involved in cellulose breakdown in the rumen are 
possible only by using a wide variety of cellulosic substrates 
with differing degrees of polymerization, crystallinity and 
(or) polydispersity (Wood and Bhat, 1988). 
Substrates used to assess the cellulolytic activities of 
1,4-endo-beta-glucanases include carboxymethylcellulose (CMC) 
and amorphous cellulose (HgPO^-treated or alkali-swollen 
cellulose). This enzyme will not hydrolyze crystalline 
cellulose forms, such as cotton fibers or Avicel (Wood and 
Bhat, 1988), but will hydrolyze cellulose chains in suceptible 
cellulosic materials at random to yield glucose, cellobiose 
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and other soluble cellooligosaccharides. This enzyme may act 
synergistically with cellobiohydrolase from fungal sources to 
solubilize crystalline cellulose. Beta-glucosidases complete 
hydrolysis of short-chain cellooligosaccharides and cellobiose 
released by other enzymes to glucose (Wood and Bhat, 1988). 
The activity of the complete cellulase complex can be 
measured by using celluloses containing a high degree of 
hydrogen bonding, such as cotton fiber, filter paper or 
Avicel, (Wood and Bhat, 1988). Soluble derivatives of 
cellulose such as carboxymethylcellulose (CMC), although 
widely used to assay cellulase activity, are specific for 
evaluating endo-1,4-beta-glucanases. Therefore, Wood and Bhat 
(1988) suggested that cellulolytic attack on CMC by an enzyme 
system may not be indicative of activity on substrates 
comprised mainly of crystalline cellulose. Nevertheless, 
several authors have reported that high correlations existed 
between in situ DM degradation and CMCase activity associated 
with particulate material removed from the rumen of sheep fed 
ammonia-treated straw (Silva et al., 1987) or steers fed grass 
silage (Tesfa, 1992). These results indicate that most of the 
microbial population responsible for the degradation of 
forages in the rumen possess endo-1,4-beta-glucanases 
(Groleau and Forsberg, 1981). 
Endo-1,4-beta-glucanase activity also may be evaluated 
using amorphous cellulose (Wood and Bhat, 1988) or TNP-C 
(Huang and Tang, 1976). The TNP-derivative, unlike CMC, is 
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fibrous and insoluble. Based on its chromophoric properties, 
Huang and Tang (1976) developed a rapid, sensitive, and 
quantitative procedure to measure cellulolytic activity of a 
partially purified cellulase from Rhizopus chinesis. Limited 
information, however, is available on the use of this 
substrate to assay other cellulase systems. 
Direct measurements of exoglucanases are difficult 
because of their close association with other cellulolytic 
enzymes (Wood and Bhat, 1988). However, a selective procedure 
using synthetic substrates such as p-nitrophenyl-beta-D-
cellobioside or p-nitrophenyl-beta-D-lactoside, for 
determination of exo-1,4-beta-glucanases in enzyme systems 
that also contain endoglucanases and beta-glucosidases has 
been developed by Desphande et al. (1984). 
Effects of supplements on ruminai cellulolvtic activitv 
A stimulatory effect of supplementation of straw with 
readily degradable carbohydrates on in vitro digestion of the 
straw has been reported (Demeyer, 1981). However, results of 
experiments in vivo seldom support this concept and, in most 
instances, inclusion of grains reduced fiber digestion 
(Henning et al., 1980; Sutton, 1986; Van Gylswik and Schwartz, 
1984). The reduced fiber digestion resulting from grain 
supplementation was associated with a reduction of ruminai pH 
to below 6.0, which in turn decreased cellulolytic activity 
(Henning et al., 1980). Because the use of buffers, such as 
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sodium bicarbonate, has failed to alleviate this problem 
(Mould et al., 1984), it appears that a carbohydrate effect 
independent of pH may be involved in the depression of fiber 
digestion with grain supplementation. Moreover, an increased 
lag time during degradation of grass fiber in vitro and a 
preferential use of starch by F. succinogenes was reported by 
Van Gwlsyk and Schwartz, (1984). 
Treatment of roughages to improve digestibility 
Mechanical processing of roughages by grinding and 
pelleting is an effective technique to improve the intake of 
fibrous materials (Greenhalgh, 1984). Because these 
treatments increase the rate of passage, some reduction in the 
extent of digestion of roughage dry matter occurs; in low 
quality roughage, the reduced digestibility is sufficiently 
compensated by increased intake to increase digestible dry 
matter intake (Church, 1988). 
Treatment of roughages with chemicals such as sodium 
hydroxide or ammonia has been extensively used for improving 
the digestibility of low quality forages and roughages 
(Jackson, 1977; Morris and Mowat, 1980; Elliot and Armstrong, 
1982; Sundstol and Coxworth, 1984). Such chemical methods are 
effective against the two major deterrents to cellulase 
hydrolysis; cellulose crystallinity and lignin (Wood and 
Saddler, 1988). Therefore, treatment of straw with sodium 
hydroxide generally increases the rate and extent of fiber 
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digestion in the rumen (Hvelplund, 1989) by partial removal of 
lignin, allowing increased colonization of the material by 
rumen microorganisms. Dilute alkali and hydrogen peroxide 
remove lignin and hemicellulose and increase the cellulose 
concentration of the treated material (Wood and Saddler, 1988; 
Gould, 1984). Alkaline hydrogen peroxide oxidizes lignin 
(Gould, 1984) and exposes a large area of cellulose to 
enzymatic attack. But approximately 20% of the hemicellulose 
was lost when straw was treated with a 1% (v/v) solution of 
peroxide (Wood and Saddler, 1988). 
The magnitude of improvement in digestibility by chemical 
methods seems to be inversely correlated with the initial 
digestibility of the untreated material (Jackson, 1977) and 
depends on an adequate supply of N for the rumen microorganism 
(Orskov and Grubb, 1978). The increase in digestibility of 
wheat and barley straws treated with sodium hydroxide or 
ammonia ranges from 20 to 40% (Greenhalgh, 1984). 
Improvements in intake of 30 to 50% resulting from chemical 
treatment are commonly reported (Jackson, 1977). Effects of 
chemical treatment on digestibility depend on the amount of 
roughage in the diet and the amount and composition of 
supplements fed with the treated forage (Greenhalgh, 1984). 
Nitrogen supplementation of low aualitv roughages 
Efficient digestion of fibrous carbohydrates in the rumen 
is attained when available N compounds, as well as other 
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essential nutrients such as sulfur and phosphorus, are 
supplied in adequate quantities (Smith, 1989). The ability of 
the rumen bacteria to synthesize protein from ammonia has 
stimulated the use of NPN compounds such as urea for 
supplementation of cattle fed forages that are low in protein 
content (Wallace and Cotta, 1988). Controversy exists 
regarding the optimum ammonia-N concentration in the rumen to 
maximize microbial growth and digestive activity. Ruminai 
ammonia concentrations from 50 to 80 mg NH3-N L"^ of ruminai 
fluid have been reported to maximize microbial growth (Satter 
and Slyter, 1974). The digestion rate of forage dry matter in 
situ, plateaus at higher concentrations of ammonia in the 
rumen of sheep (Mehrez et al., 1977). Australian workers 
(Krebs and Leng, 1984; Perdok, 1987; Leng, 1990), reported 
that the minimum level of ruminai ammonia needed for optimum 
voluntary intake of low digestibility forages by cattle was 
200 mg NH3-N even though the in situ digestibility of the 
forage was optimized below 100 mg NH3-N L'^. 
To approach maximum efficiency of microbial growth, all 
nutrients required for growth must be present simultaneously 
and in adequate amounts (Hespell and Bryant, 1979). 
Differences in amounts and(or) sources of carbohydrate, 
variations in N recycling and dilution rates may contribute to 
the variability of ammonia values determined for optimum 
microbial growth and activity in different experiments (Owens 
and Bergen, 1983). When protein degradation in the rumen 
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exceeds carbohydrate availability, protein wastage occurs 
(Russell and Hespell, 1981). Similarly, responses to varying 
protein degradability in the rumen can be altered by the rate 
of carbohydrate breakdown in the rumen (Herrera-Saldana et 
al., 1986). 
Whereas ammonia-N is the primary N source for most 
ruminai microorganisms, some species require other 
N-containing compounds for most efficient growth (Allison, 
1982). The addition of small amounts of amino acids to 
purified diets containing urea has increased microbial crude 
protein yield in vitro (Maeng and Baldwin, 1976). Similarly, 
in vitro microbial growth efficiency increased when amino 
acids and peptides provided a proportion of the available N 
(Argyle and Baldwin, 1989). 
The distribution of specific microbial sub-populations 
within the rumen ecosystem (Williams, 1988) with different 
requirements and activities may vary between diets. For 
example, bacterial populations attached to digesta particles 
in continuous culture (Komizarczuk et al., 1987) derived 46% 
of their total N requirements from amino acids and(or) 
peptides while this source of N was only 19% of the total N 
requirement for bacteria associated with the liquid phase. 
It has been reported that protein added to poor quality 
diets increased microbial protein synthesis and protein flow 
from the rumen (Ben-Ghedalia and Yosef, 1989) and increased 
fiber digestion (McAllan and Smith, 1983a; McAllan et al.. 
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1988). The increased fiber digestion has been associated with 
stimulation of rumen cellulolytic activity by dietary amino 
acids and peptides (Smith, 1989) and agrees with the high 
utilization of these compounds by particle-attached bacteria 
(Komizarczuk et al., 1987). Similarly, protein supplements 
containing a high proportion of N with a low solubility 
stimulated feed intake to a greater extent than those 
containing urea or other forms of soluble N (Wohlt et al., 
1976). The stimulating effect of protein on animal growth 
appears to involve improved efficiency of microbial protein 
synthesis, increased DM digestibility, increased dilution rate 
and increased energy intake (Nocek and Russell, 1988). Smith 
et al. (1980) reported that cattle given diets with a high 
proportion of straw had greater weight gains when fish meal 
rather than urea was used as a supplement. This effect was at 
least partially the result of ruminai metabolism because there 
was no apparent deficiency of undegraded protein in either 
diet and the metabolizable energy contents of the diets were 
similar. Other studies have indicated that added amino acids 
were not required for efficient growth of rumen microorganisms 
in vivo (Leng and Nolan, 1984). Crossfeeding of 
microorganisms in the rumen has been suggested to account for 
the differences between in vitro and in vivo studies (Owens 
and Bergen, 1983). 
Different requirements for N substrates by the rumen 
microbial population growing on different carbohydrate sources 
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(Maeng et al., 1989) also may explain the different responses 
to additions of amino acids or peptides. Microorganisms 
utilizing sugar or starch seem to have higher requirement for 
amino acids or peptides than those utilizing cellulose (Leng, 
1990). Leng (1990) suggested that amino acids and peptides 
may have a greater influence on fiber digestion in the rumen 
of cattle fed forages supplemented with grain than in those 
fed unsupplemented forage diets. It has been reported, that 
certain peptides and amino acids may serve as sources of 
branched chain fatty acids (BCFA) that are growth factors for 
a number of bacterial species, including the cellulolytic 
bacteria (Russell and Hespell, 1981). A deficiency of BCFA 
cause energy uncoupling during which fermentation continues to 
produce ATP without a concomitant use of ATP for synthetic 
processes (Russell and Hespell, 1981). Production responses 
to the addition of BCFA to ruminant diets, however, have been 
inconsistent. 
Use of poultrv litter in ruminant diets 
Broiler litter is composed of different amounts of 
bedding material, excreta, wasted feed and feathers (Harmon et 
al., 1974; Bhattacharya and Taylor, 1975; Smith and Wheeler, 
1979; Fontenot et al., 1983; Westing et al., 1985). Although 
the nutrient composition of broiler litter varies under 
different management systems of broiler production 
(Bhattacharya and Taylor, 1975; Smith and Wheeler, 1979), 
21 
broiler litter has been used as a source of protein, energy 
and minerals for cattle with relative success (Bhattacharya 
and Taylor, 1975; Smith and Wheeler, 1979; Fontenot et al., 
1983; Arave et al., 1990). Broiler litter is best used as a 
source of supplemental protein for ruminants (Harmon et al., 
1974; Caswell et al., 1977; Goering and Smith, 1977; Smith and 
Wheeler, 1979; Fontenot et al., 1983; Arave et al., 1990). 
The crude protein content of broiler litter ranges from 24 to 
40% on a DM basis with apparent crude protein digestibility 
ranging from 72 to 82% (Fontenot et al., 1983). Approximately 
50% of the total N of broiler litter is protein N and the 
proportions of uric acid-N and ammonia-N range from 2 6 to 34 
and 13 to 15% of the total N, respectively (Caswell et al., 
1978). The ruminai degradation rate of the true protein 
fraction of broiler litter has not been established. 
Although broiler litter is a satisfactory feed source for 
ruminants, processing is essential to assure elimination of 
pathogenic microorganisms (McCaskey and Wang, 1985). Dry heat 
at 150°C for 3 h eliminated pathogenic organisms, but resulted 
in the loss of approximately 20% of the total N (Fontenot et 
al., 1983). As an alternative to dehydration, ensiling 
broiler litter with corn silage (Harmon et al., 1974), high 
moisture corn (Caswell et al., 1977) or with added water to a 
moisture concentration of 40% (Caswell et al., 1978) has been 
reported to effectively reduce the numbers of coliform 
bacteria. Composting litter in deep stacks also effectively 
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destroys coliform bacteria (McCaskey and Wang, 1985). The 
temperature of the litter within deep stacks, however, may be 
so high that nutrients become heat-damaged (Stepheson et al., 
1989). A temperature peak of 60°C in the litter within deep 
stacks did not cause heat-damage, based on the high rates of 
gain (2.25 lb/day) of steers fed the heated litter as 40% of a 
forage-based diet (Chester-Jones and Fontenot, 1981). 
Incorporation of 20 or 40% of this deep-stacked broiler litter 
in a cattle diet increased dry matter intake of the diet. It 
has been found that deep-stacked broiler litter nutrients were 
less digestible than those in ensiled broiler litter when 
included in a sheep diet (Kwak et al., 1989). Sheep fed 
ensiled broiler litter had higher levels of ruminai ammonia-N 
than those fed deep-stacked or composted broiler litter. This 
result implies a greater degradability of the N in ensiled 
broiler litter than when deep-stacked or composted. Nitrogen 
retention, however, was similar in diets supplemented with 
soybean meal, deep-stacked or ensiled broiler litter (Kwak et 
al., 1989). Similarly, no differences in DM digestibility or 
N retention were obtained between lambs fed diets containing 
composted, deep-stacked or ensiled broiler litter as 30% of 
the DM (Abdelmawla et al., 1990). 
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ABSTRACT 
The relationship between cellulolytic activity of rumen 
particle-attached microorganisms measured with trinitrophenol-
cellulose (TNP-C) or carboxymethylcellulose (CMC) and 
digestion of corn leaf or cornstalk neutral detergent fiber 
(NDF) in the rumen was evaluated. Samples of corn leaves, 
cornstalks or alkaline hydrogen peroxide(AHP)-treated 
cornstalks were incubated in situ for 0, 4, 8, 12, 24, 36 or 
48 h in the rumen of a fistulated cow fed alfalfa hay. A 
particle-attached microbial enzyme extract was obtained from 
the residual material. Validity of the TNP-C as a substrate 
was established because no free TNP was detected in the 
hydrolysis products and hydrolysis of TNP-C was linear with 
time and enzyme concentrations up to 50 ug of a purified 
cellulase per 2.5 mL of reaction mixture. Total cellulolytic 
activity measured with TNP-C was higher (p<.01) on corn leaves 
than on untreated cornstalks, but was not different from AHP-
treated cornstalks. Total cellulolytic activity on TNP-C 
peaked after 24, 3 6 and 48 h for AHP-treated cornstalks, 
leaves and untreated cornstalks, respectively. Total 
cellulolytic activity using CMC was higher (p<.05) for AHP-
treated cornstalks than leaves or untreated stalks, but did 
not differ between leaves and untreated cornstalks. Peak 
cellulolytic activity using CMC occurred at 8, 24 and 36 h for 
AHP-treated cornstalks, leaves and untreated cornstalks, 
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respectively. Correlations between the incremental NDF 
digestion rate and specific cellulolytic activity of particle-
attached microorganisms on corn leaves, untreated cornstalks 
and AHP-treated cornstalks were r = .90, .77, and .30 for TNP-
C, and .63, .95 and .70 for CMC. Either TNP-C or CMC can be 
used as a substrate to assess cellulolytic activity of rumen 
particle-attached microorganisms. 
Key Words: Cellulase, Microbial Attachment, 
Trinitrophenolcellulose, Carboxymethylcellulose, Digestibility 
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INTRODUCTION 
Adhesion of microorganisms to plant cell walls and 
subsequent colonization are primary steps during microbial 
digestion of forage in ruminants (Cheng et al., 1984). 
Studies employing electron microscopy have shown that 
bacteria, protozoa and fungi are capable of adhering to plant 
cell walls in the rumen (Latham et al., 1978; Cheng et al., 
1984; Akin, 1988). Digestible cell walls are rapidly and 
heavily colonized, whereas less digestible or indigestible 
cell walls of the same plant are sparsely colonized. The 
number of colonizing bacteria, including cellulolytic species, 
also was higher on sodium hydroxide- or ammonia-treated 
barley straw than on untreated straw during ruminai digestion 
(Cheng et al., 1984). 
Although electron microscopy is a useful qualitative 
indicator of microbial attachment to feed particles (Akin, 
1988), it is of little use for quantitatively relating 
attachment to digestion. Measurement of cellulolytic activity 
bound to plant material may be used to rapidly assess the 
potential degradability of a particular forage. High 
correlations exist between carboxymethylcellulase (CMCase) 
activity of particle-attached bacteria and dry matter 
degradability of ammonia-treated barley straw (Silva et al., 
1987) . Methods for evaluating cellulolytic activity, however, 
have been criticized because they lack sensitivity and 
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specificity (Wood and Saddler, 1988; Coughlan, 1991). 
Carboxymethylcellulose (CMC) is a widely used substrate to 
assay cellulolytic activity (Wood and Saddler, 1988; Chesson 
and Forsberg, 1988). Hydrolysis of this soluble substrate by 
a specific cellulase system may not be indicative of activity 
of that system on native cellulosic substrates (Wood et al., 
1988). A procedure using TNP-C as a substrate was reported to 
be a sensitive, rapid and quantitative method to measure 
cellulolytic activity of a partially purified cellulase from 
Rhizopus chinesis (Huang and Tang, 1976). Limited information 
is available on the use of this substrate with other cellulase 
systems. 
The objectives of this study were to evaluate the use of 
TNP-C as a substrate to estimate cellulolytic activity of 
rumen microorganisms attached to forage particles and to 
establish the relationship between the cellulolytic activity 
of particle-attached microorganisms and neutral detergent 
fiber (NDF) digestion of corn leaves and cornstalk in the 
rumen. 
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MATERIALS AND METHODS 
Preparation of the TNP-Cellulose. A trinitrophenol group 
was chemically bound to a fibrous form of CMC (Sigma Chemical 
Co., St. Louis, MO) by the procedure of Huang and Tang (1976). 
One hundred grams of CMC were suspended in 1500 mL of a 0.5N 
sodium hydroxide and allowed to stand for one hour. The 
supernatant was decanted and the CMC was washed with distilled 
water until the pH of the effluent reached 8. The washed CMC 
was suspended in 1500 mL of 0.5N HCl for one hour and washed 
with distilled water until the pH of the effluent was 7. 
Fifty grams (wet weight) of the washed CMC were resuspended in 
150 mL of a solution of 2.3% (v/v) ethylenediamine. The pH 
was adjusted to 5.2 with 6N HCl and 15 grains of l-ethyl-3-(3-
dimethylaminopropyl) carbodiimide-HCl were added. The pH was 
readjusted to 5.2 after the first hour of reaction and the 
suspension was gently stirred at room temperature for 24 h. 
The modified cellulose was washed twice with distilled water 
and air-dried at room temperature. Ten grams of the modified 
cellulose were resuspended in 3 0 mL of 0.2 M sodium borate 
buffer at pH 9. Twelve milliliters of 5% (w/v) picrylsulfonic 
acid were added, the pH was adjusted to 9.0 with 4N sodium 
hydroxide and the reaction vessel was sealed with a rubber 
stopper and enclosed in aluminum foil. This suspension was 
stirred for 3 h at room temperature and then washed 
successively with 500 mL of 0.2 M sodium borate buffer (pH 
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9.0), distilled water and acetone. The product, designated as 
TNP-C, was air-dried at room temperature and stored in an 
amber bottle at 4°C until used. 
Cellulase sources for enzymatic assays. A partially 
purified cellulase from Pénicillium funiculosum (5-10 units 
per mg; Sigma Chemical Co., St. Louis, MO) and an extract from 
rumen particle-attached microorganisms were used to evaluate 
the TNP-C. A procedure described by Silva et al. (1987) was 
used to extract enzyme activity. Particulate rumen contents 
were obtained from the rumen of a fistulated sheep fed an 
alfalfa-grain (50/50) diet. One gram of wet particulate 
material was placed in a 50-mL flask and mixed with 20 mL of 
10 mM pH 6.8 sodium phosphate, 2.5 mL of carbon tetrachloride, 
and 400 ug of lysozyme (Sigma Chemical Co., St. Louis, MO). 
The mixture was incubated at 39°C for 3 h. After incubation, 
particulate material was removed by filtration through two 
layers of cheesecloth and the liquid phase was clarified by 
centrifugation at 29000 x g for 15 min at 4°C. The 
supernatant was assayed for cellulolytic activity. Protein 
concentration of the extract was measured by the Bradford 
procedure (Bradford, 1976) using the Bio-Rad protein assay 
(BioRad Chemical Division., Richmond, CA). 
Assay for cellulase using TNP-C. Five hundred 
microliters of 1% (w/v) TNP-C suspended in .05 M sodium 
phosphate buffer, pH 6.8, and 500 uL of enzyme solution were 
placed in 13x100 mm test tubes. Tubes were stoppered and 
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incubated with gentle agitation at 39°C for one hour. After 
incubation, the tubes were placed on ice for 20 min which 
sedimented fibrous TNP-C particles. The supernatant was 
clarified by centrifugation at 5000 x g for 5 min. The 
absorbance of the soluble TNP-oligosaccharides released during 
hydrolysis was measured at 344 nm with a Gilford Response II 
(CIBA-Corning, Oberlin, OH) spectrophotometer. Mixtures of 
TNP-C and phosphate buffer were incubated simultaneously to 
the enzyme mixtures to quantitate non-enzymatic release of 
TNP. One unit of cellulolytic activity was equivalent to 1 
mmol of TNP-oligosaccharide released from TNP-C during a 30 
min incubation. 
To test for the linearity of the hydrolysis reaction, 0 
to 1000 uL of 1% (w/v) TNP-C suspension were mixed with a pH 
6.8 sodium phosphate buffer to a total volume of 2.5 mL and 
incubated at 39°C for 30 min with 100 uL of Pénicillium 
funiculosum cellulase in buffer solution (1 mg mL~^) or 500 uL 
of the extract from rumen particle-attached microorganisms. 
The effect of enzyme concentration was tested by incubating 0 
to 50 ug of Pénicillium funiculosum cellulase or 0 to 1000 uL 
of extract from rumen particle-attached microorganisms with 5 
mg of TNP-C in sodium phosphate buffer (total volume = 2.5 mL) 
at 39°C for 30 min. The effect of incubation time was 
determined by incubating 500 uL of 1% (w/v) TNP-C suspension 
with 100 mL of Pénicillium funiculosum cellulase or 500 uL of 
extract from rumen particle-attached microorganisms in sodium 
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phosphate buffer (total volume = 2.5 mL) for 0 to 2 h at 
39°C. High performance liquid chromatography was conducted 
using a Beckman System Gold liquid chromatograph (Beckman 
Instruments, San Ramon, CA) fitted with a RP-8 Licrosorb 
column (Altech, lOu, 25 cm x 4.1 mm). Solvent A consisted of 
HPLC-grade methanol with 1% v/v acetic acid and solvent B 
consisted of HPLC-grade water plus 1% v/v acetic acid. Both 
solvents were filtered through 0.45-um Nylon 66 filters, 
degassed and equilibrated with helium. Solvent flow was 
programmed at 1.0 mL min"^. Standards of 0-nitrophenyl-
cellobioside, 2,4,6-trinitrophenol and 2,4-dinitrophenol, were 
used for calibration. Column effluent was monitored with UV 
detection at 350 nm. Supernatants from the enzymatic 
reactions were analyzed for the presence of free 
trinitrophenol resulting from hydrolysis of the TNP-C. 
Assay for cellulase using CMC. Hydrolysis of sodium CMC 
(low viscosity, degree of polymerization 400 and degree of 
substitution 0.7; Sigma Chemical Co., St. Louis, MO) was 
determined by measuring the formation of reducing sugar using 
a 3,5-dinitrosalicylic acid (DNS) reagent (Groleau and 
Forsberg, 1981). The incubation mixture consisted of 1.5 mL 
of 2% (w/v) CMC solution, 500 uL extract from particle-
attached microorganisms and 500 uL of .05 M sodium phosphate 
buffer, pH 6.8. The mixture was incubated at 39°C for one 
hour. The reaction was stopped by the addition of 3 mL of DNS 
reagent and the color was developed by boiling for 5 min. 
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After cooling in tap water, the absorbance at 560 nm was 
determined. Glucose was used as a standard. One unit of 
activity using the CMC substrate was equivalent to 1 uM 
glucose released from CMC per min. 
In situ incubation of corn leaves, cornstalks and 
alkaline hydrogen peroxide(AHP)-treated cornstalks. 
Triplicate samples of herbage from Pioneer hybrid 3475 corn, 
were collected, hand-separated into leaves and stalks, and 
ground successively through 2.5-cm and 2-mm screens. One 
hundred grams of the stalk material were suspended in 5 liters 
of distilled water containing 1% (w/v) hydrogen peroxide. The 
suspension was adjusted to pH 11.5 with O.IN sodium hydroxide 
and stirred gently at 25°C for 24 h. Periodic adjustments of 
the pH to 11.5 were made during this period with O.IN NaOH. 
The insoluble residue was collected by filtration through 
Dacron fabric, washed with distilled water until the pH of the 
filtrate was 7 and oven-dried at 60°C for 48 h. Two-gram 
samples of leaves, stalks and AHP-treated stalks (n = 21) were 
weighed separately into 13 x 8 cm Dacron bags with a nominal 
pore size of 50 um. The bags were sewn shut and the seam 
glued before being attached to weighted tygon tubing rings. 
Triplicate bags of each substrate were incubated for 0 to 48 h 
in the ventral sac of the rumen of a fistulated cow fed 12 kg 
of alfalfa-bromegrass hay per day. All bags were removed at 
the same time to standardize washing procedures. The bags were 
washed 5 times (2 min for each wash) with cold tap water. 
34 
Preliminary experiments indicated that additional cellulase 
activity of particulate-attached microorganisms was not 
removed after five washings. This result suggests that 
entrapped and loosely adsorbed bacteria were removed from the 
particulate material during the washing procedure. Undigested 
plant residue from each bag was weighed and a one-gram sample 
(wet weight) was extracted by the procedure of Silva et al. 
(1987). Cellulolytic activity was determined by using CMC or 
TNP-C as substrates. Protein concentration of the extracts 
was determined by the Bradford procedure (Bradford, 1976), 
using the Bio-Rad analysis kit. Because protein from the feed 
was assumed to be minimam, protein values were not corrected 
for feed protein. The dry matter of undigested residues 
remaining in bags was determined after oven-drying at 60°C for 
48 h. The neutral detergent fiber concentration of the dried 
undigested cornstalk residues was determined by the procedure 
of Van Soest and Robertson (1979). The NDF remaining at each 
time period was included in a model to quantify kinetics of 
NDF digestion described by Mertens and Ely (1982): 
Y = Doe-kd(t-L) + I 
where 
Y = NDF residue at time t 
DQ= potentially digestible NDF fraction, 
kj= fractional rate of digestion, 
L = discrete lag, and 
I = indigestible NDF fraction. 
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In addition, an incremental rate of NDF digestion was 
calculated by dividing the amount of NDF digested in each time 
period by the length of that period. 
Statistical Analysis. The data were subjected to 
analysis of variance, using the general linear model procedure 
of SAS (1985). The model for neutral detergent fiber 
digestibility and cellulase activity on CMC or TNP-C included 
replication, plant material, time of incubation and time x 
material interaction. Neutral detergent fiber digestion 
kinetics were analyzed by one-way ANOVA. Differences between 
plant materials were analyzed by least significant difference. 
Correlation analysis were used to examine the relationship 
between cellulolytic activity and NDF digestion. 
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RESULTS AND DISCUSSION 
Evaluation of TNP-cellulose. The HPLC analysis indicated 
that free TNP was not present in TNP-C preparations nor was it 
released during incubation of the substrate with enzyme 
extracts (Fig. 1). This result suggested that hydrolysis of 
TNP-C occurred within the cellulose moiety and not at the bond 
between cellulose and TNP. Additional peaks (retention times, 
3.47 and 3.99 min) were observed on chromatographs of the 
supernatant resulting from enzymatic hydrolysis of TNP-C. 
These unknown peaks may be mixtures of TNP-oligosaccharides 
resulting from TNP-C hydrolysis. The retention time of 0-
nitrophenyl-cellobioside was 3.27 min under our HPLC 
conditions. No attempts were made to further characterize 
these unknown peaks. 
Hydrolysis of TNP-C exhibited saturation with respect to 
substrate quantity (Fig. 2). Hydrolysis of TNP-C was linear 
to an enzyme quantity of 50 ug of Pénicillium funiculosum 
(Fig. 3) or 500 uL of rumen particle extract (Fig. 4) and an 
incubation time up to 2 h (Fig. 5) under conditions of the 
assay. The high coefficient of determination for the 
regression of hydrolysis products versus enzyme quantity 
(R^=.99) and incubation time (R^=.99) indicate that the assay 
is valid. Based upon these results, subsequent assays were 
conducted with 12.5 ug of Pénicillium funiculosum cellulase or 
500 uL of ruminai particulate extract, 5 mg TNP-C and pH 6.8 
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sodium phosphate buffer to yield a total volume of 2.5 mL with 
an incubation time of 30 min. 
The results of degradation studies of TNP-C using either 
a commercial cellulase from Pénicillium funiculosum or an 
enzyme extract from rumen particle-attached microorganisms 
suggest that TNP-C is an appropriate substrate to evaluate 
cellulolytic activity of cell-free extracts. Because 
cellulase systems are complex and exist in multiple forms 
which differ in their relative activities on different 
substrates (Wood and Saddler, 1988), restrictions may apply to 
the use of TNP-C under different conditions. Some 
exoglucanases specifically hydrolyze the glycosidic bond on p-
nitrophenol-beta-D-cellobioside to yield cellobiose and p-
nitrophenol (Desphande et al., 1984). 
In situ NDP digestion kinetics. During in situ 
fermentation, the lag time of NDF digestion of untreated 
cornstalks was 2.85 and 2.58 h longer (p<.01) than 
AHP-treated cornstalks and corn leaves, respectively 
(Table 1). Similarly, rates of NDF digestion were greater 
(p<.01) for AHP-treated cornstalks and corn leaves than 
untreated cornstalks. The potentially digestible NDF pool 
size was higher (p<.01) for AHP-treated cornstalks than either 
untreated cornstalks or corn leaves. These results imply that 
oxidation of lignin by alkaline hydrogen peroxide treatment of 
the cornstalks improved the accessibility of the potentially 
digestible carbohydrates to microbial attack and is consistent 
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with data reported using this chemical treatment on other low 
quality roughages (Gould, 1984). Both morphological and 
chemical differences between leaves and stalks 
(Akin, 1989) likely account for differences in the lag times 
and NDF digestion rates between the untreated materials. 
Cellulolytic activity of enzymatic extracts. Mean total 
(p<.05) and specific (p<.01) activities of cellulase, measured 
on TNP-C, were higher for microorganisms attached to corn 
leaves than for those attached to untreated cornstalks 
(Table 2). Mean total and specific cellulase activities on 
TNP-C of microorganisms attached to AHP-treated cornstalks did 
not differ from untreated cornstalks or leaves. Peak total 
cellulase activity on TNP-C of microorganisms attached to 
AHP-treated cornstalks, corn leaves and untreated cornstalks 
occurred after incubation for 24, 36 and 48 h, respectively 
(material x time, p<.05). Total cellulase activity on TNP-C 
of microorganisms attached to corn leaves was 47 and 35% 
greater than untreated and AHP-treated cornstalks after 4 h 
incubation. Total cellulase activity on TNP-C of 
microorganisms attached to leaves, however, only increased by 
4% from 4 h to its peak value, whereas those of untreated and 
AHP-treated cornstalks increased by 53 and 50% to their peak 
values. Although total cellulase activity on TNP-C increased 
during incubation, specific cellulase activity on TNP-C 
decreased (p<.01) with increasing incubation time for all 
plant materials. The specific activity of cellulase on TNP-C 
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of microorganisms attached to corn leaves, cornstalks and 
AHP-treated cornstalks after 48 h incubation were 41.7, 44.0, 
and 35.2% lower than their peak values (material x time, 
p<.10). 
Unlike total cellulase activity on TNP-C, mean total 
cellulase activities on CMC were 27 and 26% higher (p<.01) for 
microorganisms attached to AHP-treated cornstalks than corn 
leaves or untreated cornstalks, respectively (Table 3). Mean 
total cellulase activity on CMC did not differ between 
microorganisms attached to corn leaves or untreated 
cornstalks. Similar to TNP-C, peak total cellulase activity 
on CMC of microorganisms attached to corn leaves and AHP-
treated cornstalks occurred at 36 and 24 h. Peak cellulase 
activity on CMC occurred at 36 h on untreated cornstalks 
compared to 48 h for total cellulase activity on TNP-C. Peak 
total cellulase activities on CMC were 37.2, 50.6 and 27.4% 
greater than their activities after 4 h incubation for 
microorganisms attached to corn leaves, cornstalks and AHP-
treated cornstalks. Similar to total activity, specific 
cellulase activity on CMC was greater (p<.01) for 
microorganisms attached to AHP-treated cornstalks than to 
other plant materials. However, specific cellulase activity 
on CMC also was greater (p<.05) for microorganisms attached to 
corn leaves than untreated cornstalks. Similar to the 
specific activity of cellulase on TNP-C, the specific activity 
of cellulase on CMC decreased (p<.01) with increasing length 
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of incubation. The decreases in specific activities on CMC 
from 4 to 48 h incubation time were 42.3, 43.8 and 58.3% for 
corn leaves, cornstalks and AHP-treated cornstalks, 
respectively (material x time, p<.05). The decreases in 
specific cellulase activities on both TNP-C and CMC suggest 
that colonization of plant materials by non-cellulolytic 
species occurred. It seems that the decrease in total 
cellulase activity on CMC and a greater colonization by non-
cellulolytic species were responsible for the greater decrease 
in specific cellulase activity on CMC for microorganisms 
attached to AHP-treated cornstalks than corn leaves and 
untreated cornstalks. 
Relationship between cellulolytic activity and NDF 
digestion. Digestibility of NDF across all plant materials 
was more highly correlated with cellulase activity on TNP-C 
(r=.46) than total cellulase activity on CMC (r=.24; Table 4). 
Individual correlations for material, however, differed 
substantially. Neutral detergent fiber digestibility of 
untreated cornstalks at each incubation time was more highly 
correlated (r=.88) with total cellulase activity on CMC than 
total cellulase activity on TNP-C (r=.55). In AHP-treated 
cornstalks, digestibility of NDF was positively correlated 
(r=.70) with cellulase activity on TNP-C, but negatively 
correlated (r=-.48) with cellulase activity on CMC. A very 
high correlation (r=.98) between dry matter degradation of 
ammonia-treated barley straw and total cellulase activity on 
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CMC has been reported (Silva et al., 1987). The fact that dry 
matter instead of NDF was used in the study of Silva et al. 
(1987), may partially explain the differences observed between 
these studies. Furthermore, only one substrate, ammonia-
treated barley straw, was used by Silva et al. (1987). 
Because of the lack of a consistent relationship between in 
situ NDF digestibility and total activity with both substrates 
among plant materials in our experiments, caution must be 
exerted when using this approach alone to determine potential 
rumen digestibility of a plant material. Negative 
correlations between specific cellulase activities on either 
TNP-C or CMC and the cumulative NDF digestibility (Table 4) 
imply that the increase in NDF digestibility with time of 
incubation is accompanied by an colonization of digesta 
particles, not only by cellulolytic species, but also by non-
cellulolytic species. 
Because the specific activity of cellulase on TNP-C and 
the amount of NDF degraded per unit of time both decreased 
with increasing incubation time, correlations between 
incremental NDF digestion rate and the specific activity of 
cellulase on TNP-C were .90, .77, and .30 for corn leaves, 
cornstalks and AHP-treated cornstalks, respectively (Table 4; 
Fig. 6). Correlations between the incremental NDF digestion 
rate and specific activity of cellulase on CMC for corn 
leaves, cornstalks, and AHP-treated cornstalks were .63, .95, 
and .70, respectively (Table 4; Fig. 7). The higher 
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correlation between the incremental NDF digestion rate and 
specific activity of cellulase on CMC than between the NDF 
digestion rate and specific activity of cellulase on TNP-C for 
AHP-treated cornstalks suggests that bacterial species 
colonizing the chemically treated material differed in ability 
to hydrolyze the substrates tested. The difference in the 
relationship between incremental NDF digestion rate and the 
specific activity of cellulase measured with the two 
substrates was less apparent between untreated cornstalks and 
leaves. This result suggests that populations colonizing 
these untreated materials were more uniform than those that 
colonized treated substrates. The high correlation between 
the incremental NDF digestion rate and the specific activity 
of cellulase on either TNP-C or CMC for microorganisms 
attached to untreated cornstalks and corn leaves implies that 
either TNP-C or CMC can be used as substrates to assess the 
cellulolytic activity of rumen particle-attached 
microorganisms. 
Silva et al. (1987) concluded that total cellulase 
activity on CMC per gram of wet digesta could be used to 
predict the rate and extent of fiber digestion in the rumen. 
Because TNP-C is fibrous and insoluble, this substrate may 
offer some advantages over the use of soluble, hydrated CMC in 
relating enzyme activities to the digestion of native 
cellulosic substrates. The different correlations of 
cellulolytic activity on TNP-C or CMC with cumulative NDF 
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digestion on different substrates imply that the use of this 
approach to estimate the potential digestibility of NDF of 
different plant materials in the rumen is limited. The high 
correlations between incremental NDF digestion rate and the 
specific activity of cellulase on either substrate implies 
that the specific activity of cellulase may be used to 
quantitatively assess the colonization of cellulolytic 
microorganisms. Because microbial attachment and colonization 
are the initial steps in digestion of plant fiber 
(Cheng et al., 1984), the specific activity of cellulase may 
be used to evaluate factors limiting the initiation and rate 
of NDF digestion. 
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TABLE 1. In situ digestion kinetics of NDF of corn leaves, 
corn stalks, and AHP-treated cornstalks^ 
Potentially 
Plant Lag time NDF digestion digestible NDF 
material (h) rate (h~^) pool size (%) 
Corn leaves o
 cr
 
.038^ 41. 0^ 
Corn stalks 6.65C . 013C 41.Qb 
AHP-cornstalks 
0
 
CO n
 .035b 78.QC 
SEM^ .27 .003 .022 
®Each value is the mean of three replicated measurements. 
^'°Means within the same column with different 
superscripts differ (p<.01). 
^Standard error of the mean. 
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TABLE 2. Total and specific cellulase activities measured 
with TNP-C of particle-attached microorganisms on 
corn leaves, cornstalks, and AHP-treated 
cornstalks incubated in situ^ 
Incubation Plant material 
time (h) Corn leaves Cornstalks AHP-cornstalks 
Total activity, units/a wet undigested residue^ 
4 5.3 3.6 3.9 
8 5.1 4.9 4 . 3 
12 5.1 5.0 4.6 
24 4.8 4.4 5.8 
36 5.5 4.8 5.7 
48 5.5 5.5 5.0 
SEM = .017 
Significance 
Material (m) p<.05 
Time (t) p<.01 
mxt p<.05 
Specific activity, units/mq protein 
4 2.09 1.47 1. 65 
8 1.35 1.59 1.19 
12 1.58 1.45 1.04 
24 1.25 1. 03 .89 
36 1.29 . 88 .95 
48 1.22 .89 1, 07 
SEM = .025 
Significance 
m p<.01 
t p<.01 
mxt p<.10 
®Each value is the mean of three replicated measurements, 
^one unit of cellulolytic activity was equivalent to 1 mM 
of TNP-oligosaccharide released from TNP-C during a 3 0 min 
incubation. 
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TABLE 3. Total and specific cellulose activities measured 
with CMC of particle-attached microorganisms 
on corn leaves, cornstalks, and AHP-treated 
cornstalks incubated in situ® 
Incubation Plant material 
time (h) Corn leaves Cornstalks AHP-cornstalks 
Total activity, units/a wet undigested residue^ 
4 5.97 5.69 7.76 
8 6.97 5.31 9.39 
12 6.12 6.01 9.69 
24 6. 16 6. 03 9.89 
36 8. 19 8.57 6.73 
48 6. 12 a. 05 6.36 
SEM = .70 
Significance 
Material (m) p<.01 
Time (t) p<.01 
mxt p<.01 
Specific activity, units/ma protein 
4 2.35 2.33 3.28 
8 1.84 1.73 2. 61 
12 1.90 1.74 2.19 
24 1.60 1.42 1.53 
36 1.93 1.57 1.13 
48 1.36 1.31 1.37 
SEM = .19 
Significance 
m p<.01 
t p<.01 
mxt p<.01 
^Each value is the mean of three replicated measurements. 
^One unit of cellulolytic activity using CMC substrate 
was equal to 1 fxM of glucose released from CMC per min. 
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TABLE 4. Correlations between in situ NDF digestibility 
or incremental NDF digestion rate with total and 
specific cellulase activities measured with 
TNP-C or CMC of microorganisms attached 
to corn leaves, cornstalks, and 
AHP-treated cornstalks 
Substrate 
TNP-C CMC 
Plant Total Specific Total Specific 
material activity activity activity activity 
In situ digestibility 
Corn leaves . 16 -.82**3 .41 -.70** 
Cornstalks . 55** -.90** .88** -.69** 
AHP-cornstaIks . 70** -.65* -.48 -.91** 
All materials .46** -.60** .24 -.57** 
Incremental NDF digestion rate 
Corn leaves -.41 .90** .13 . 66** 
Cornstalks -. 35 .77** -.57 . 95** 
AHP-cornstalks -.36 .30 .74** .70** 
All materials -.37 .65* .10 .76** 
^Significance levels: *p<.05; **p<.01. 
FIG.l. Elution profiles of 2,4,6-trinitrophenol (TNP) 
and TNP-cellulose hydrolysis products after 30 min 
incubation with 500 uL of an enzymatic extract from rumen 
particle-attached microorganisms 
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Fig. 1 (continued) 
FIG. 2. Effect of quantity of TNP-C substrate used in assays to measure 
cellulase activity from P. funiculosum and an enzymatic extract from rumen particle-
attached microorganisms (SE=.043). In this and later figures, one unit of cellulase 
activity on TNP-C equals 1 mM TNP-oligosaccharide released per 30 min incubation. 
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FIG. 3. TNP-oligosaccharide released during hydrolysis of TNP-C with different 
amounts of a partially purified cellulase from P. funiculosum (SE=.040). 
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FIG. 4. TNP-oligosaccharide released during hydrolysis of TNP-C with different 
volumes of an extract of rumen particle-attached microorganisms (SE=.084). 
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FIG. 5. TNP-oligosaccharide released during hydrolysis of TNP-C with either 
cellulase from P. funiculosum or a rumen particle-attached microorganisms extract at 
different incubation times (SE=.013). 
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FIG. 6. Incremental NDF digestion rate (SE=3.09) and specific activity of 
particle-attached cellulase measured with TNP-C (SE=.025), of corn leaves, untreated 
cornstalks, and AHP-treated cornstalks after in situ ruminai incubation for different 
times. 
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ABSTRACT 
Broiler litters containing straw- or wood-shaving bedding 
were adjusted to 26, 34 or 40% moisture and incubated in 8 x 
20 cm Plexiglass silos at 25, 35 or 55°C. The proportion of 
nitrogen (N) that was slowly degraded and estimated to escape 
ruminai degradation, as measured by amino acid and ammonia-N 
concentrations, increased (p<.05) with increasing incubation 
temperature, but was unaffected by moisture concentration. 
Broiler litter containing 34% moisture was ensiled at ambient 
(cool temperature broiler litter; CEBL) or 45°C (high 
temperature broiler litter; HEEL) for 42 d. Five rumen-
cannulated steers were fed diets containing 80% ground, baled 
cornstalks and one of five protein supplements containing 
either urea (low urea and high phosphorus, LUHP; high urea and 
high phosphorus, HUHP; low urea and low phosphorus, LULP), 
CEBL or HEBL as 20% Of the DM in metabolism stalls in a Latin 
Square design. The concentration of CP (% DM), urea 
fermentation potential (g kg"^ DM) , and phosphorus (% DM) in 
diets supplemented with LUHP, HUHP, LULP, CEBL and HEBL were 
7.2, 0, .26; 8.6, -5, .26; 7.2, 0, .18; 8.5, -1.1, .26; and 
8.5, 0, .26, respectively. Heating broiler litter increased 
the proportion of N that was slowly degraded (p<.05). Organic 
matter intake was lower (p<.05) for steers fed the LULP 
supplement than for steers fed the other supplements. 
Digestible OM intake, OM digestibility, NDF digestibility and 
the lag time, digestion rate and size of the digestible NDF 
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pool were not affected by supplement composition. Steers fed 
the HEBL supplement retained more N (p=.06) than steers fed 
the CEBL supplement. The microbial-N concentration and 
cellulase activity attached to particles in the rumen fluid 
were greater (p<.05) in steers fed CEBL or HEBL than in those 
fed the LULP supplement. The composition of the supplements 
did not affect the rate of passage of solids, but the liquid 
turnover rate was lower (p<.05) in steers fed the LULP 
supplement than in steers fed the other supplements. Broiler 
litter was utilized as an N and P source with equal or better 
efficiency than urea and dicalcium phosphate in ruminant 
diets. 
Key Words: Broiler Litter, Protein Supplements, Rumen, 
Digestion, Cornstalks 
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INTRODUCTION 
Protein is the first limiting nutrient in cornstalks for 
feeding to growing cattle (Adamu et al., 1989; Fernandez-
Rivera et al., 1989). Adding nitrogen (N) compounds, such as 
urea, that are readily degraded to ammonia to low protein 
diets with moderate energy concentrations increased feed 
intake and DM digestibility by cattle (Veira et al., 1980; 
Lomas et al., 1982). Maximum bacterial growth and 
digestibility of maize stover silage DM in the rumen of 
growing cattle occurred at ruminai ammonia-N concentrations of 
49 and 133 mg/L, respectively, when supplemented with urea 
(Adamu et al., 1989). Although ammonia is the primary N 
source of most rumen microorganisms, some species require 
other N-containing compounds for most efficient growth 
(Allison, 1982). Protein supplements that support adequate 
ruminai ammonia concentrations and partially escape ruminai 
degradation are more efficiently utilized by growing cattle 
consuming low quality forages than supplements that only 
supply ammonia-N (Lindsey et al., 1982; Leng, 1990). 
Broiler litter has been used as a feed ingredient for 
ruminants under various conditions (Smith and Wheeler, 1979; 
Fontenot et al., 1983; Arave et al., 1990). Broiler litter is 
composed of differing amounts of bedding material, excreta, 
wasted feed and feathers. When ensiling is used as a method 
of processing broiler litter, moisture (Caswell et al., 1978) 
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and temperature (Chester-Jones and Fontenot, 1981; McClure and 
Fontenot, 1985) affect the fermentation characteristics and 
composition of the litter. It is likely, therefore, that 
broiler litter contains varying quantities of protein 
fractions with different ruminai degradabilities. Assessment 
of the effects of processing method on the ruminai 
degradability of broiler litter protein is required to make 
more efficient use of this byproduct as a supplement for 
ruminant rations. 
The objectives of this study were to determine the 
effects of moisture and temperature on fermentation 
characteristics and protein degradation rates of ensiled 
broiler litter and to evaluate the effects of processing 
method on the efficacy of broiler litter as a supplement to 
cornstalks for use as feed for growing cattle. 
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MATERIALS AND METHODS 
Laboratory silo study. Broiler litter containing 
wood-shaving or straw bedding were collected from two 
commercial broiler houses in which four groups of broilers 
were raised. The broiler litter with wood-shavings was 
collected directly from the broiler house whereas the broiler 
litter with straw was collected from a deep stack stored 
outside for one week. Dry matter (DM) concentrations of the 
litters were determined after drying in a forced-air oven at 
60°C for 48 h. Water was added to the litters to adjust their 
moisture contents to 26, 34 or 40%. Six 1-kg samples of 
litter from each source and moisture concentration were placed 
into 8 X 20 cm Plexiglass silos and incubated at 25, 35 or 
55°C for 42 d. After incubation, the silos were opened and 
200 g of the broiler litters were frozen for later analysis. 
Metabolism trial. Broiler litter with straw bedding was 
obtained from a commercial broiler house in which five groups 
of broilers had been produced. Dry matter concentration of 
the litter was determined and water was added to adjust the 
litter moisture content to 34%. Three samples of litter were 
frozen for later analysis. Litter was placed in nine 220-L 
metal drums lined with polyethylene bags. After packing, the 
bags were sealed with rubber bands, the bags were covered with 
additional litter and the drum lid was tightly secured. Four 
drums were incubated at 4 5°C. The remaining five drums were 
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incubated at ambient temperature in a barn with one side open. 
Temperatures of the ensiled materials were measured daily 
during the first week and every 2 d for the remaining five 
weeks of incubation with thermocouples inserted in the middle 
of each silo. The silos were opened after 42 d and a 200-g 
sample was collected from each and frozen for later analysis. 
Five Angus x Jersey steers (average BW, 3 00 kg), fitted 
with rumen cannulae, were assigned to five dietary treatments 
in a 5 X 5 Latin Square design (Table 1). The experimental 
diets contained 80% ground, baled cornstalks (5.1% CP; 80.2% 
NDF; 52.6% ADF, DM basis) and 20% (DM basis) supplements 
containing either urea or ensiled broiler litter. The 
supplement containing broiler litter that was incubated at 
45°C (HEBL) and two of the supplements containing urea (LUHP 
and LULP) were balanced to 0 g urea fermentation potential 
(UFP, Burroughs et al., 1975) kg~^ DM in the total ration. 
The supplement containing broiler litter ensiled at ambient 
temperature (CEBL) and another supplement containing urea 
(HUHP) were balanced to be isonitrogenous to the supplement 
containing HEBL. The two broiler litter supplements CEBL and 
HEBL, the high urea supplement HUHP and one of the low urea 
supplements LUHP were balanced to contain .26% phosphorus. 
The LULP supplement contained .18% phosphorus. Diets and 
water were offered 3 and 4 times daily, respectively. Broiler 
litter was mixed daily with other supplement ingredients. The 
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supplements were top-dressed on the cornstalks at each feeding 
time. 
The experiment was conducted with steers in metabolism 
crates in a room with a constant temperature of 2 5°C. Each of 
the five experimental periods consisted of a 10-d adjustment 
phase, a 5-d phase for total feces and urine collection and 
determination of solid and liquid passage kinetics, and a 4-d 
phase for measuring rumen fermentation characteristics, 
cellulolytic activity and in situ disappearance of cornstalk 
NDF. Feed was offered to allow daily orts of 5 to 10% during 
adjustment and at 90% of ad libitum intake during the 
collection phases. Because of the low quality of the diets, 
small amounts of orts were left even when fed at 90% of ad 
libitum. Samples of feed offered and orts were collected 
daily from each steer 2 d before and during the 5-d collection 
phase. During the total collection phase, feces were weighed 
and 10% of the total weight was frozen daily. Urine was 
collected daily in plastic buckets containing 10 mL (50% v/v) 
sulfuric acid and 10% of the urinary volume was frozen. 
To measure passage kinetics, the steers were dosed on 
d 11 of each period with 25 g of chromium-mordanted cornstalk 
NDF (2% Criii; Russell et al., 1993) in gelatin capsules and 
17.5 g of the lithium salt of Co-EDTA (14.5% Co; Uden et al., 
1980) dissolved in 250 mL of distilled water, via the rumen 
cannulae. Gelatin capsules containing the mordanted fiber 
were deposited on top of the rumen contents. The liquid 
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marker was distributed in different locations of the rumen 
with a plastic syringe. Fecal samples were collected directly 
from the rectum every 4 h during the first 24 h postdosing and 
every 12 h thereafter, for 124 h. Fecal samples were weighed 
and dried in a forced-air oven at 60°C for 72 h. Dried 
samples were weighed, ground through a 2-mm screen and 
analyzed as phosphoric acid-manganese sulfate-potassium 
bromate extracts in an air-acetylene flame of an atomic 
absorption spectrophotometer (Williams et al., 1962). Passage 
kinetics of the solid and liquid digesta phases were estimated 
by the age-dependent, two-compartment model of Pond et al. 
(1988). 
To determine ruminai fermentation and cellulolytic 
activity, samples of rumen contents (3.5 kg) from each steer 
were manually collected from different sites within the rumen 
via cannulae at 0, 2, 4 and 6 h after the morning feeding on d 
17 of each period. Ruminai fluid pH was measured immediately 
with a pH meter and 50 mL of ruminai fluid were acidified with 
1 mL sulfuric acid (50%) and stored at -20°C for later 
analyses of VFA and ammonia-N. Rumen contents were strained 
through four layers of cheesecloth and 1 L of strained rumen 
fluid was stored at -2 0°C. Samples were thawed and two 
digesta fractions were separated by differential 
centrifugation (Cecava et al., 1990). The fraction containing 
feed particles and particle-attached microorganisms was 
obtained by centrifugation of strained rumen fluid at 500 x g 
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for 20 min. One gram (wet weight) of the fraction that 
sedimented was extracted for determination of cellulase 
activity on carboxymethylcellulose (CMC) of particle-attached 
microorganisms (Silva et al., 1987), as described by Diaz et 
al. (1993). The bacterial fraction was obtained by 
centrifugation of the remaining fluid at 10000 x g for 20 min. 
The sediment was washed with a saline solution and the cells 
were sedimented by centrifugation at 10000 x g for 10 min. 
Both the particulate and bacterial fractions were weighed, 
freeze-dried and analyzed for N and purine contents. 
To estimate in situ NDF digestion, dried cornstalks were 
ground through a 2-mm screen and 3-g portions were placed into 
9 x 17 cm Dacron bags with a pore size of 50 um. The bags 
were double sewn with polyester thread, sealed with glue, 
attached to weighted Tygon tubing rings and placed in the 
ventral ruminai sac of each steer. Three bags per time were 
incubated for 0, 3, 6, 12, 24, 36, 48, 72 and 96 h, in reverse 
order to allow removal of all bags at one time. The bags were 
washed with cold tap water for 10 min, stored at -2 0°C and 
freeze-dried. Dried residues were weighed and analyzed for 
NDF (Van Soest and Robertson, 1979). The pool size of 
digestible NDF (Do) and indigestible NDF (I), fractional rate 
of NDF digestion (k^), and lag time of NDF digestion (L) were 
estimated from the proportion of NDF (y) remaining at each 
time (t) in a kinetic model, described by Mertens and Ely 
(1982) : 
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y = Do e-kd(t-L) + I 
Chemical Analyses. The pH of unensiled and ensiled 
broiler litters and the concentrations of VFA and lactic acid 
of ensiled broiler litters were determined in extracts 
prepared with 25 g ensiled litter in 75 mL water. Lactic acid 
and VFA of broiler litter extracts and ruminai fluid samples 
were butylated and quantified by gas-liquid chromatography 
(Salanitro and Muirhead, 1975). 
Nitrogen concentrations of freeze-dried broiler litter, 
feed supplements, and ruminai particulate and bacterial 
fractions, freeze-ground feces, urine, and oven-dried 
cornstalks were determined by the Kjeldahl procedure 
(A.O.A.C., 1980). The uric acid contents of freeze-dried 
broiler litter were determined by the procedure of Terpstra 
and de Hart (1974), using commercial uric acid analysis kits 
(Sigma Chemical Co., St. Louis, MO). Ammonia concentrations of 
broiler litter and ruminai fluid were determined by the phenol 
hypochlorite procedure (Broderick, 1987) with an autoanalyzer 
(Technicon Instruments Inc.). The proportion of N that was 
indigestible (IDN) in broiler litter was estimated as the 
amount of N insoluble after treatment for 48 h with 10 mL of a 
solution containing 6.6 units mL~^ of a protease from 
Streptomyces griseus (Krishnamoorthy et al., 1983). Ruminai 
protein degradation rates of the broiler litters were 
determined by the in vitro procedure of Broderick (1987) with 
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hydrazine as inhibitor of microbial protein synthesis. The 
proportion of broiler litter protein escaping degradation in 
the rumen was calculated as: 
estimated protein escape (%) = (B* (kp/(k^+kp)+C) ) x 100 
where B equals the degradable protein as a % of total protein, 
C equals the indigestible protein as a % of total protein, k^ 
equals the fractional degradation rate of digestible protein, 
and kp equals the ruminai passage rate, which was estimated to 
be .06 h"^ (Broderick, 1987). 
Freeze-dried samples of supplements and feces and oven-
dried samples of cornstalks were analyzed for NDF, ADF, and 
acid detergent lignin (ADL) by sequential analysis (Van Soest 
and Robertson, 1979; Goering and Van Soest, 1970). Phosphorus 
in ashed broiler litter samples was analyzed according to 
A.O.A.C. (1985). Total sulfur in freeze-dried broiler litter 
was determined by the procedure of Blanchar et al. (1965). 
Purine concentrations of freeze-dried ruminai particulate and 
bacterial fractions were measured according to the procedure 
of Zinn and Owens (1986), as modified by Ushida et al. (1985). 
Enzymes of particle-attached microorganisms were extracted 
from the ruminai particulate fraction according to the 
procedure of Silva et al. (1987). Specific cellulase activity 
on CMC was determined by methods described by Diaz et al. 
(1993) . 
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Statistical Analyses. Data for the laboratory silo study 
were analyzed as an split plot design with material as main 
plot, and moisture and temperature levels as subplots. Main 
effects of moisture and temperature and the interactions among 
factors were evaluated using the General Linear Models (GLM) 
procedure of SAS (1985). The linearity of significant 
moisture and temperature effects was estimated by regression 
of each factor with the GLM procedure of SAS (1985). All data 
from the digestion trial were analyzed as a Latin Square 
design, using the GLM procedure of SAS (1985). The model for 
in vivo digestibility, in situ NDF digestion kinetic 
parameters, passage kinetic parameters and N balance data 
included treatment, period, and animal effects. The model for 
pH, VFA and ammonia-N concentrations, and microbial-N and 
cellulase activity attached to the particulate fraction 
included main effects of treatment, period, animal and time, 
and the treatment x time interactions. The animal x treatment 
interaction was used as the error term. Treatment means were 
compared by least significant difference. 
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RESULTS AND DISCUSSION 
Laboratory silo study. The initial pH and chemical 
composition of broiler litters containing wood-shaving or 
straw beddings are shown in Table 2. The initial pH of 
broiler litter with straw bedding that was collected from a 
deep stack one week after removal from the broiler house was 
2.1 units lower than broiler litter with wood-shaving bedding 
removed directly from a broiler house. Moisture 
concentrations of broiler litter with wood-shaving and straw 
bedding were 2 0.0 and 25.9%, respectively. However, there 
were only small differences in the concentrations of other 
components between the two litters before ensiling. 
Because there were few moisture by temperature 
interactions only the main effects of moisture concentration 
and incubation temperature are presented in Table 3. 
Increasing the moisture concentration of broiler litter 
resulted in lower pH (p<.05) and greater concentrations of 
short-chain fatty acids (SCFA; p<.05), acetic (p<.05) and 
butyric acid (p<.01) in ensiled broiler litters. Increasing 
moisture stimulated higher proportions of acetic acid in 
ensiled straw broiler litter (material x moisture, p<.05) than 
in broiler litter with wood-shavings. The concentration of 
lactic acid in ensiled broiler litter was not significantly 
affected by the litter moisture concentration. Total N 
concentration decreased (p<.05) as the moisture concentration 
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increased in ensiled broiler litters. The lower N 
concentration of the broiler litter containing 40% moisture 
may have resulted from greater ammonia loss during freeze-
drying than from litters ensiled at lower moisture 
concentrations. Broiler litter ensiled at 34% moisture had a 
higher (p=.06) proportion of N that was slowly degraded than 
litters ensiled at 26 or 40% moisture. The proportion of N 
that was indigestible or estimated to escape ruminai 
fermentation, however, was not affected by moisture 
concentration of the litters. 
Similar to litter moisture concentration, incubation 
temperature had no effect on lactic acid concentrations of 
ensiled broiler litters. The pH, however, was lower 
(quadratic, p<.01) when broiler litter was ensiled at 35°C 
than in litters ensiled at either 25 or 55°C. Concentrations 
of acetic, propionic, and butyric acids, and total SCFA were 
higher (p<.01) in broiler litters ensiled at 25 or 35°C than 
at 55°C. These differences were greater in broiler litter 
containing 40% moisture than in litters with lower moisture 
concentrations (moisture x temperature, p<.05). The effect of 
concentrations of acetate, propionate, and butyrate in ensiled 
broiler litter were not linear (lack of fit, p<.05). This 
result suggests that secondary fermentation occurs at 25 or 
35°C, but may be prevented at higher temperatures. Increasing 
incubation temperature during ensiling of broiler litter 
decreased (p<.01) the rate of ruminai protein degradation and 
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increased (p<,01) the concentration of estimated rumen escape 
protein in ensiled broiler litters. The proportion of 
indigestible N, however, was not affected by ensiling 
temperature. These results imply that the N from broiler 
litter ensiled at 55°C should be more efficiently used by 
ruminant animals than the N from litters ensiled at lower 
temperatures. 
Metabolism trial. The maximum temperature of litters 
ensiled at room temperature and at 45°C were 42 and 45°C, 
respectively (Figure 1). The temperature in HEBL peaked after 
6 d of fermentation and did not change thereafter. The 
temperature of CEBL, however, peaked after 8 d of fermentation 
and decreased to ambient temperature after 10 d of 
fermentation. Neither pH nor lactic acid concentration of 
broiler litters ensiled in drums were affected by incubation 
temperature (Table 4). The concentrations of acetic and 
butyric acids, however, tended (p=.07) to be higher in HEBL 
than CEBL, suggesting that the extended high temperature in 
HEBL stimulated a secondary fermentation of lactic acid to 
acetic and butyric acids (Woolford, 1984). Broiler litter 
ensiled at 45°C also had a lower (p<.05) concentration of uric 
acid and a higher (p<.05) proportion of N that was slowly 
degraded during ruminai fermentation than CEBL. Uric acid-N 
comprised 19.9 and 17.4% of the total N in CEBL and HEBL, 
respectively. Uric acid-N comprised 27.8% of the total N in 
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broiler litter before ensiling. The in vitro rate of protein 
degradation (p=.18) and proportion of indigestible N (p=.15) 
also tended to be greater in HEBL than CEBL. Therefore, the 
proportion of N as estimated rumen escape protein tended 
(p=.08) to be greater in HEBL than CEBL. 
Organic matter intake, expressed as kg/d or % of BW of 
steers fed the diet containing the LULP supplement, was lower 
(p<.01) than diets containing urea or broiler litter 
supplements with greater concentrations of phosphorus 
(Table 5). Digestible OM intake, however, did not differ 
(p>.05) between steers fed the different supplements. The 
digestibility of OM and NDF also did not differ (p >.05) 
between supplements. Similarly, the lag time, rate of 
digestion and size of the digestible NDF pool were not 
affected by the composition of the supplements. The 
proportion of intake N that was retained was greater (p<.05) 
in steers fed cornstalks supplemented with HEBL than steers 
fed the LUHP-, HUHP- or CEBL-supplemented diets. 
Steers fed cornstalks supplemented with HUHP had higher 
(p<.05) mean ruminai ammonia-N concentrations than those fed 
isonitrogenous ensiled broiler litter-supplemented diets or 
the diet supplemented with LUHP (Table 6). Similarly, steers 
fed cornstalks supplemented with LULP had a higher (p<.05) 
ruminai ammonia-N concentration than steers fed cornstalks 
supplemented with LUHP, CEBL or HEBL. The mean ruminai 
ammonia-N concentration did not differ between steers fed 
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diets supplemented with CEBL and HEEL. Although steers were 
fed 3 times daily, steady state concentrations of ammonia-N 
were not achieved. Ruminai ammonia-N concentrations peaked 2 
h after feeding in all treatments (Figure 2). Peak ruminai 
ammonia-N concentrations were 131.2, 218.5, 136.2, 118.9, and 
115.3 mg L"^ in steers fed cornstalks supplemented with LUMP, 
HUHP, LULP, CEBL and HEBL, respectively (treatment x time; 
p<.05) . 
Steers fed cornstalks supplemented with LUHP or HEBL had 
greater (p<.05) total ruminai VFA concentrations than those 
fed the LULP-supplemented diet (Table 6). The concentration 
of total VFA in the rumen of steers fed cornstalks 
supplemented with HEBL also tended to be higher (p=.07) than 
steers fed the CEBL-supplemented diet. The molar proportions 
of acetate, propionate, butyrate, or the branched-chain VFA 
were not affected by supplement composition. The 
acetate:propionate ratio, however, was slightly, but 
significantly higher for steers fed cornstalks supplemented 
with LULP or CEBL than for those fed cornstalks supplemented 
with LUHP or HEBL. Unlike ruminai ammonia-N concentrations, 
ruminai concentrations of total VFA did not change with time 
after feeding (Figure 2). 
The mean proportion of total N comprised of microbial-N 
in the particulate fraction of rumen fluid was higher (p<.05) 
in diets supplemented with CEBL or HEBL than in those 
supplemented with LULP or HUHP (Figure 3). Microbial-N also 
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comprised a higher (p<.05) proportion of the total N in the 
particulate fraction of rumen fluid of steers fed cornstalks 
supplemented with HEBL than in those fed the CEBL-supplemented 
diet. The treatment x time interaction for the proportion of 
microbial-N in the total N was not significant. Mean specific 
activity of particle-attached cellulase measured with CMC did 
not differ between steers fed cornstalks supplemented with 
LUHP, HUHP, CEBL or HEBL (Figure 4). Microorganisms attached 
to particles in the rumen fluid of steers fed cornstalks 
supplemented with CEBL had a higher (p<.05) specific activity 
of cellulase on CMC than steers fed the HEBL-supplemented 
diet. Steers fed the LULP-supplemented diet, had a lower 
(p<.Ol) specific activity of cellulase on CMC for 
microorganisms attached to rumen particles than diets 
supplemented with LUHP and HUHP. 
The composition of the supplements fed with cornstalks 
did not affect the fast turnover rate (lambda 1), slow 
turnover rate (kg) or the time delay to marker appearance (T) 
of Cr-mordanted cornstalk fiber (Table 7). However, the slow 
turnover rate of the liquid fraction of the rumen digesta of 
steers fed the LULP- or CEBL-supplemented diets was less 
(p<.05) than those of steers fed diets supplemented with LUHP, 
HUHP, or HEBL. In contrast, the fast turnover rate of the 
liquid digesta fraction was greater (p<.05) in steers fed 
cornstalks supplemented with LULP or CEBL than in steers fed 
the HUHP- or HEBL-supplemented diets. 
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Because steers fed constalks diets supplemented with CEBL 
had OM intakes, OM and NDF digestibilities and N retention 
values equivalent to those fed cornstalks supplemented with 
urea at levels either providing 0 g UFP kg~^ DM or 
isonitrogenous to the diet supplemented with CEBL, broiler 
litter ensiled at ambient temperature is equivalent to urea as 
a N source in diets balanced for equivalent UFP or degradable 
N. Ruminai concentrations of ammonia-N and branched-chain 
VFA, concentrations of microbial N in rumen particulates and 
specific activities of cellulase on CMC also did not differ 
between steers fed the CEBL- or LUHP-supplemented diets. 
Supplemental amino acids and branched-chain VFA have been 
reported to increase cellulose digestibility in alkali-treated 
straw (McAllan and Smith, 1983a). However, no advantage of 
supplementing untreated cornstalks with natural protein 
sources with a wide range of degradabilities has been reported 
(Adamu et al., 1989). Heating broiler litter at temperatures 
up to 55°C for 42 d increased the proportion of N that was 
slowly degraded and estimated to escape ruminai degradation 
without increasing the proportion of N that was indigestible. 
As a result of these changes, incubating broiler litter at 
45°C increased the proportion of N that was retained, but did 
not affect OM or NDF intake and digestibilities in steers fed 
cornstalk-based diets. 
Organic matter intake was lower in steers fed cornstalks 
supplemented with equal concentrations of UFP from urea or 
86 
ensiled broiler litter, but greater concentrations of 
phosphorus. Steers fed cornstalks supplemented with LULP had 
greater concentrations of ruminai ammonia-N, lower proportions 
of microbial-N in the total N of rumen particles, and lower 
particle-attached specific activities of cellulase measured 
with CMC than steers fed diets supplemented with LUHP or HEBL. 
These results imply that the phosphorus concentration of the 
diet containing the LULP supplement (.18%) was inadequate for 
optimal incorporation of ammonia-N into microbial protein of 
both cellulolytic and non-cellulolytic microorganisms attached 
to digesta particles. Increasing the phosphorus concentration 
of the diet to .2 6% with either dicalcium phosphate or the 
phosphorus present in broiler litter increased the proportion 
of total N as microbial N and the specific activity of 
cellulase attached to feed particles by equal amounts. This 
result implies that the bioavailability of phosphorus in 
broiler litter is equivalent to that in dicalcium phosphate. 
Although steers fed cornstalks supplemented with LULP had 
a lower proportion of microbial-N and a lower specific 
activity of cellulase attached to ruminai digesta particles, 
the digestibilities of OM and NDF by steers fed the 
LULP-supplemented diet did not differ from steers fed the 
other supplements used in this experiment. It seems likely 
that the lower organic matter intake by steers fed the 
LULP-supplemented diet compensated for the lower cellulolytic 
activity attached to the ruminai particles than steers fed 
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other supplements by allowing adequate retention time for NDF 
digestion to occur. Correlation coefficients between the 
level of OM intake and digestibilities of OM and NDF were -.80 
and -.55, respectively. Supplement composition, however, did 
not affect passage kinetics of Cr-mordanted fiber, presumably 
because of the low level of intake by steers fed all diets 
evaluated (Colucci et al., 1982; Ellis et al., 1989). Liquid 
dilution rate was correlated (r=.68) with OM intake. 
Therefore, the lower liquid dilution rate in the rumen of 
steers fed the LULP-supplemented cornstalk diet may have 
allowed for adequate retention time for fiber to be digested 
in spite of the lower activity of particle-attached cellulase. 
Implications. Ensiled broiler litter can replace urea 
and dicalcium phosphate in supplements for cattle fed 
cornstalks without detrimental effects on intake or on 
digestibility of the forage material. 
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Table 1. Composition of diets used to evaluate effects 
of urea or ensiled broiler litter supplementation 
of cornstalks 
Ingredients LUHP* HUHP LULP CEBL HEBL 
% of DM -
Ground corn cobs 16.1 15.6 16.5 5.6 5.6 
Corn grain 1.0 1.0 1.0 1.0 1.0 
Molasses .5 .5 .5 .5 .5 
CEBL — - - 11.7 -
HEBL - - - - 11.7 
Urea .69 1.18 .69 - -
Dicalcium 
phosphate .9 .9 .5 - -
Salt .5 .5 .5 .5 .5 
Vitamin A premix^ .25 .25 .25 .25 .25 
Elemental sulfur . 03 .03 .03 -
Cornstalks 80 80 80 80 80 
Nutrient Composition 
% of dry matter 
Crude protein 7.2 8. 6 
CM 
8.5 8.5 
Total digestible 
nutrients® 49 49 49 49 49 
Calcium® .66 . 66 . 66 .66 . 66 
Phosphorus .26 . 2 6 . 18 .26 .26 
UFpd, g Kg-l DM 0 -5 0 — 1.1 0 
'In this and later tables, abbreviations for the 
supplements will be: LUHP, low urea and high phosphorus; HUHP, 
high urea and high phosphorus; LULP, low urea and low 
phosphorus; CEBL, ambient temperature ensiled broiler litter; 
HEBL, high temperature ensiled broiler litter. 
^vitamin A premix contained 4.4 million lU vitamin A per 
Kg DM. 
^Calculated from feed analysis tables (NRC, 1984). 
^Urea fermentation potential. 
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Table 2. Initial pH and chemical composition of wood-
shavings broiler litter and straw broiler litter^ 
Item WBL^ SEM^ SBL^ SEM 
Initial pH 8.2 .07 6.1 .05 
Dry matter, % 80.0 .4 74.1 .24 
Composition, % DM 
Organic matter 77.5 .64 74.6 .25 
Nitrogen 3.9 .04 3.7 .01 
NDF 35.2 .29 37.6 .12 
ADF 15.7 .44 17.5 .17 
Phosphorus 1.4 .08 1.5 .03 
Sulfur .7 .02 1.1 .05 
^Values are the mean of three replicated samples. " 
^Wood-shaving broiler litter. 
^Standard error of the mean. 
dgtraw broiler litter. 
Table 3. Fermentation characteristics and in vitro protein depredation of 
broiler litter ensiled at different moisture and temperature levels 
Moisture. % a 
SEM= Sig.d 
Temnerature. o Qt> 
SEM Sig-26 34 40 25 35 55 
PH 6.48 6.37 6.29 .17 * 6-43 6.31 6-40 .05 ** 
Lactic acid, % of DM 2.40 2.80 3.83 .76 3-23 2.56 3.23 .49 
VFA, % of DM 
Acetate 2.03 2.39 2.93 .48 * 2.98 2.91 1.45 .13 ** 
Propionate .05 .10 .14 -017 .11 .15 .03 .015 ** 
Bucyrate .54 1.64 3.30 -047 ** 1.54 3.76 .19 -44 ** 
Valerate .087 .09 .10 -005 .10 .09 .08 -005 ** 
Total SCFA®,% of DM 6.5 7.03 8.87 .98 * 7-97 9.49 4.98 .52 * 
Total N, % of DM 4.1 4.03 3-80 .06 * 3.96 3-83 4.12 -06 * 
% of total N 
Slowly digested 32.8 46-7 40-0 1.85 34.68 42.47 42.38 3.66 * 
Indigestible N 20.7 21-4 22.6 -49 21-9 21.7 21.1 .40 
Estimated rumen 
escape N 34.1 37-4 35.7 .54 30.5 39.9 36.9 1.73 * 
In vitro rate of 
N degradation, h"^ -14 -09 .16 .01 .20 -08 .11 -015 ** 
^Values are the mean of two replicated silos at three incubation temperatures. 
^Values are the mean of two replicated silos at three moisture concentrations. 
^Standard error of the mean. 
^Significance levels: *p<.05; **p<.01. 
®Short-chain fatty acids. 
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Table 4. Chemical composition, fermentation characteristics, 
in vitro rate of protein degradation, and estimated rumen 
escape N of straw broiler litter ensiled at ambient 
temperature or 45°C^ 
Incubation 
temperatures. ° C 
Before 
Item ensiling Ambient 4 5 S EM 
% of Dry matter 
OM 73.0 
NDF 34.4 
ADF 15.2 
Lignin 5.5 
Phosphorus 1.45 
Sulfur 1.1 
pH 7.38 
Lactic acid, % of DM 
VFA, % of DM 
Acetate 
Propionate 
Butyrate 
Valerate 
72.3 73.5 .88 
34.7 34.3 .39 
14.9 14.3 .30 
5.6 6.4 .19 
1.48 1.5 .005 
1.06 .98 .06 
6.28 6.56 .11 
14.5 12.7 .99 
6.59 7.93 .663 
.40 .38 .027 
4.42 5.25 .282 
1.02 1.01 .084 
Total SCFA, % of DM 
Total N, % of DM 6.4 
Uric acid, % of DM 5.41 
% of total N 
Slowly degraded N 
Indigestible N 
Estimated rumen 
escape N 
In vitro rate of protein 
degradation, h~^ 
26.9 
6.3 
3.81^ 
55.lb 
8.4 
41.4 
.04 
27.3 ,846 
6 . 2  . 6 6  
3.29C .09 
62.3*= .57 
9.3 .531 
47.9 3.011 
036 .0031 
p<.05. 
^Values are the mean of three replicated measurements. 
b,CMeans within a row with different superscript differ. 
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Table 5. Effect of ensiled broiler litter or urea 
supplementation on organic matter intake and 
digestibility, NDF digestibility, kinetics 
of NDF digestion, N digestibility 
and N retention^ 
Supplemental N Source 
Ensiled 
Urea broiler litter 
Item LUHP HUHP LULP CEBL HEBL SEM 
Intake 
OM, kg d"^ 3. 90^ 3 . 70*^ 3 . 49C 3 . 77b 3. 70^ .17 
% BW 1. 31*^ 1. 26*^ 1. I9C 1. 26^ 1. 24*^ .05 
Digestible OM 
kg d-i 1. 60 1. 55 1. 55 1. 61 1. 53 .21 
% BW 
• 
56 
• 
54 
• 
54 
• 
55 
• 
52 • . 08 
Digestibility, % 
OM 41. 1 41. 9 44. 4 42. 9 41. 4 2.3 
NDF 46. 0 44. 9 45. 7 46. 1 45. 9 1.8 
N 83, 5b 87. 8^ 83. 9b 82 . 6^ 82 . 5^ 1.0 
In situ NDF 
digestion 
kinetics 
Rate of 
digestion,h"^ . 038 . 037 . 047 . 039 . 038 .00! 
Lag time, h 1. 80 2. 84 3. 88 2. 40 3 . 11 .78 
Digestible 
pool size, % 
of total 55. 8 48. 7 45. 1 46. 4 49. 1 3.9 
N retention 
% of intake 21. 3*^ 18. 4^ 28. lb,c 20. 3b 35. 4° 4.5 
% of absorbed 23. 6^ 20. 6^ 35. 6b,c 27. 6b,c 42. 9C 5.2 
^Values are the mean of five steers in a Latin Square 
design. 
^'°Means within a row with different superscript differ, 
p<.05. 
Table 6. Effect of ensiled broiler litter or urea supplementation on 
ruminai ammonia-N concentration, pH and VFA concentrations 
in steers feed cornstalks* 
Supplemental N source 
Ensiled 
Urea broiler litter 
Item LUHP HUHP LULP CEBL HEEL SE 
Ammonia-N, mg L-l 86.5b 140.ic 98.ic 85.5b 85. lb 3.53 
Ruminai pH 6.85 6.92 6.90 6.97 6.88 1. 04 
Total VFA, uM mL'i 79.5b 68.2b'C 56. 6^ 60.0b'C 74.8b 3.45 
Moles/100 moles 
Acetate 72.11 71.46 69.53 71.24 72.12 .47 
Propionate 16.17 15.81 14.92 15.33 15.99 .21 
Butyrate 7.51 7.70 9.75 8.31 7.47 .44 
Isobutyrate .67 .76 .93 .83 .75 .04 
Isovalerate .61 . 80 .81 .71 .69 .04 
Valerate 2.91 3.45 3.96 3.56 2.97 . 16 
Ac:Pr ratio 4.47b 4.55b'C 4.67= 4.64C 4.5lb . 04 
^Values are the means of five steers in a Latin Square design. 
b''=Means within a row with different superscript differ, p<.05. 
Table 7. Effect of ensiled broiler litter or urea supplementation on 
particulate and liquid passage parameters in steer feed cornstalks® 
Supplemental N source 
Ensiled 
Urea broiler litter 
Item LUHP HUHP LULP CEBL HEBL SE 
Particulate rate 
of passage 
Slow rate (k2), h~^ 
Fast rate (LI), h"^ 
Time delay (T), h 
Ruminai mean residence 
time, h 
Gastrointestinal mean 
residence time, h 
Liquid turnover rate 
Slow rate (k2), h~^ 
Fast rate (LI), 
Time delay (T), h 
.033 .037 .036 
.068 .064 .059 
19.7 20.0 21.0 
59.7 58.3 61.7 
79.40 78.28 82.88 
.060^ .059b .039C 
.36^'= .30^ .58^ 
7.66 7.68 9.99 
.038 .035 .005 
.061 .068 .007 
19.1 19.7 1.73 
59.8 58.0 4.29 
78.90 77.68 3.54 
.049= .060^ .005 
.49= .31^ .08 
8.48 7.38 .89 
^Values are the means of five steers in a Latin Square design. 
^'=Means within a row with different superscript'differ, p<.05. 
Figure 1 .  Temperature of broiler litter during incubation at ambient 
temperature or 45°C (SEM=1.99). 
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Figure 2. Ruminai ammonia-N (SEM-3.53) and total VFA 
concentrations (SEM-3.45) in steers fed cornstalks supplemented 
with urea or ensiled broiler litter. 
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Figure 3. Concentration of bacterial-N attached to the particulate fraction of 
rumen fluid in steers supplemented with urea or ensiled broiler litter (SEM=.041). 
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Figure 4. Specific activity of cellulase on CMC of microorganisms attached to 
particles in the rumen of steers fed cornstalks supplemented with urea or ensiled 
broiler litter (SEM=.53). 
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GENERAL DISCUSSION 
Supplementation of crop residues is required to improve 
their utilization by ruminants. Protein is the first limiting 
nutrient in cornstalks for feeding to growing cattle (Adamu et 
al., 1989; Fernandez-Rivera et al., 1989). Phosphorus, 
vitamin A and trace minerals are also deficient in crop 
residues such as cornstalks. Broiler litter supplies N, amino 
acids and minerals. Therefore, use of broiler litter as a 
supplement for cornstalks seems logical. Because of the 
dynamics of the rumen ecosystem, in which all reactions are 
interrelated, supplements such as broiler litter may affect 
not only ruminai microbial growth or activity, but may also 
alter the kinetics of liquid or particulate passage from the 
rumen. Therefore, to properly evaluate the effects of 
supplements on rumen metabolism not only should intake and 
digestibility be measured, but also microbial colonization and 
the kinetics of digestion and passage should be quantified. 
Although the determination of in vivo digestibility is 
appropriate for evaluating effects of supplementation on the 
utilization of low quality forages, simultaneous evaluation of 
cellulolytic activity at differing stages of the digestion 
process may contribute information to assess changes in the 
microbial population that are not apparent from the overall 
digestibility data. However, the use of artificial substrates 
to evaluate cellulolytic activity and the applicability of 
that measurement to infer activity of rumen microorganisms on 
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native substrates is controversial. Therefore, the objectives 
of this study included the evaluation of trinitrophenol-
cellulose (TNP-C) as a substrate to estimate cellulolytic 
activity of rumen particulate-attached microorganisms and the 
evaluation of broiler litter as a source of N and P for 
cornstalk-fed cattle. 
Use of Trinitrophenol-cellulose to 
Assay Microbial Cellulase 
The validity of using TNP-C as a substrate for evaluating 
cellulolytic activity of rumen particle-attached 
microorganisms was one of the major objectives of this study. 
During the first phase of this evaluation, it was demonstrated 
by high performance liquid chromatography that free TNP was 
not present in TNP-C preparations nor was it released during 
incubations of the substrate with enzyme extracts. The 
hydrolysis of TNP-C by cellulase occurred within the cellulose 
moiety and not at the bond between cellulose and TNP. 
Although additional peaks were observed on chromatographs of 
the supernatant after enzymatic hydrolysis of TNP-C, these 
probably are mixtures of TNP-oligosaccharides resulting from 
TNP-C hydrolysis. This result is important to the reliability 
of the test, because it has been reported that some 
exoglucanases hydrolyze the glycosidic bond on similar 
compounds, such as p-nitrophenol-beta-D-cellobioside, to yield 
p-nitrophenol and cellobiose. 
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In the next step of this study, the kinetic properties of 
the hydrolysis reaction of TNP-C by a cell-free enzyme extract 
of rumen digesta were established. The hydrolysis of TNP-C 
was linear with respect to enzyme concentration and incubation 
time. These results were supported by the high coefficient of 
determination (R^=.99) for the regressions of hydrolytic 
products with enzyme quantity or incubation time, proving the 
validity of the assay. Based upon these results, the assay 
parameters reported herein were established. Activity units 
were established from the extinction coefficient of TNP. 
To determine the value of using TNP-C as a substrate to 
quantitate microbial colonization of feed particles, the 
relationship between the activity of enzyme extracts from 
rumen particle-attached microorganisms and the digestion of 
cornstalks in the rumen had to be established. In this study, 
TNP-C was compared to carboxymethylcellulose (CMC), a 
substrate which has been widely used to determine cellulolytic 
activity (Wood and Bhat, 1988). Because CMC is soluble, 
whereas TNP-C is fibrous and insoluble, it was assumed that 
these two substrates may assay different components of the 
complex cellulase system. Results of this study showed a high 
correlation between the specific activity of extracts on TNP-C 
and the incremental NDF digestion rate in the rumen. The fact 
that enzyme extracts from the undigested residues of corn 
leaves, cornstalks, and alkaline hydrogen peroxide-treated 
cornstalks differed in activity on TNP-C implies that 
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composition, size or activity of the microbial populations 
attached to these particulate materials differed. This result 
also suggests that the TNP-C substrate was sensitive enough to 
detect changes in the composition, size and(or) activities of 
the microbial populations degrading plant materials in the 
rumen. This substrate may be used, therefore, to quantify 
microbial colonization of feed particles in the rumen, and 
thereby, evaluate factors limiting the initiation and rate of 
fiber digestion. 
Correlations between the incremental NDF digestion rates 
and specific activities of cellulase on CMC also were high for 
different plant materials. Relative differences in cellulase 
activities of extracts determined with TNP-C or CMC, however, 
suggest that extracted enzymes differed in their ability to 
hydrolyze TNP-C or CMC. This effect may be related to 
different solubilities of the substrates. More active sites 
of cellulases may be in contact with the soluble substrate 
CMC, than with the insoluble substrate TNP-C. An interesting 
observation was that the relative differences in cellulase 
activities between substrates were more apparent for 
microorganisms attached to AHP-treated cornstalks than for 
untreated corn leaves and cornstalks. This result suggests 
that the cellulolytic microbial populations on untreated plant 
materials are more similar to each other than the population 
on the chemically treated cornstalks. Differences between 
total and specific activities of cellulase measured with 
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either TNP-C or CMC may not only be associated with 
colonization of non-cellulolytic species as the incubation 
progressed, but may also reflect decreased enzyme activities 
with time, differences in microbial growth rates or changes in 
the cellulolytic populations. Based on differences in the 
relationship of cellulase activity and the incremental NDF 
digestion rate between chemically treated and untreated plant 
plant materials observed in this study, we suggest that an 
increasing number of non-cellulolytic microorganisms attached 
to particles as incubation time progressed primarily caused 
this effect. 
The general results of this experiment imply that the 
experimental approach of assaying the specific activity of 
particle-attached cellulase simultaneous to more traditional 
procedures to assess utilization of feedstuffs for ruminants 
may be used to quantify microbial colonization and evaluate 
factors limiting digestion of plant materials in the rumen. A 
measurement of cellulolytic activity with either TNP-C or CMC 
appears useful for monitoring changes of the rumen microbial 
population caused by changes in the animal diet. 
Use of Broiler Litter as Supplement for Cornstalks 
Because broiler litter contains N in varying non-protein 
and protein forms, broiler litter supplied both degradable N 
as ammonia-N and amino acids and ruminai escape protein when 
used as a feedstuff for ruminai animals. Therefore, broiler 
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litter may be a more valuable protein supplement for low 
quality roughages than urea which only supplies degradable N. 
Because there are relatively high levels of phosphorus in 
broiler litter, broiler litter also may be used as a 
phosphorus supplement for ruminant animals fed low quality 
forages. Previous research using broiler litter as a 
supplement for cattle has demonstrated that processing the 
litter by heating, ensiling or deep stacking was required to 
destroy pathogenic bacteria (Fontenot et al., 1983). In 
heating broiler litter to destroy pathogenic bacteria, the 
ruminai degradability of the protein in broiler litter may be 
altered. This effect may increase the value of broiler litter 
as a protein supplement for ruminant animals. However, if the 
amount and length of heating is excessive, the protein may 
become indigestible. Little research has evaluated these 
relationships. 
To evaluate the effects of litter moisture concentration 
and incubation temperature on the fermentation characteristics 
and protein degradability in broiler litter, broiler litters 
were moistened with water to 26, 34 or 40% moisture and 
ensiled in Plexiglass silos at temperatures of 25, 35 or 55°C. 
Increasing litter moisture concentration increased the 
concentrations of VFA, particularly at low incubation 
temperatures. This result suggests that undesirable secondary 
fermentation of the litter was occurring at the higher 
moisture concentrations. Increasing litter moisture also 
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tended to decrease the ruminai degradability of the protein in 
broiler litter. Increased incubation temperature increased 
the proportion of N in the slowly degradable pool, decreased 
the rate of protein degradation and increased the proportion 
of N escaping ruminai degradation. Increasing incubation 
temperature, however, did not affect the digestibility of 
broiler litter protein. The differences in protein 
degradabilities of broiler litter ensiled at different 
temperatures were associated with the degradation of uric acid 
and incorporation of uric acid-N into microbial protein, which 
is a component of the slowly degradable N pool. Because the 
proportion of N that was indigestible did not change between 
litters ensiled at 25 to 55°C, it appears that a temperature 
of 55°C was not high enough, and incubation period of 42 d was 
not long enough, and(or) the amounts of soluble carbohydrates 
in broiler litter were too low to stimulate formation of the 
indigestible protein-carbohydrate complexes associated with 
the Maillard reaction. In deciding what combination of 
treatments resulted in the broiler litter with the highest 
nutritive quality, a compromise between fermentation and 
nitrogen degradation characteristics was used. Because of the 
greater proportion of slowly degradable N, and the lower 
proportion of butyric acid, a moisture level of 34% and an 
incubation temperature of 55°C yielded a broiler litter with 
the most desirable characteristics as a feedstuff for 
ruminants. It seems that differences between our results and 
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those of others (Caswell et al., 1978) are related to the type 
or proportion of bedding material used, the number of broiler 
production cycles in the same litter, and the management of 
the litter inside or outside the broiler house. 
Based on the effects of moisture level and temperature on 
broiler litters ensiled in laboratory silos, broiler litter 
was ensiled in 220-L metal drums at ambient temperature (CEBL) 
or 45°C (HEEL) and compared to urea and dicalcium phosphate as 
a N and phosphorus supplement for cornstalks in a digestion 
and metabolism trial with fistulated steers. Similar to the 
effects of temperature in broiler litters ensiled in the 
plexyglass silos, ensiling broiler litter in 220-L metal drums 
at 45°C increased the proportions of N that were slowly 
degraded and estimated to escape ruminai degradation. 
Because steers fed diets supplemented with CEBL had OM 
intakes, OM and NDF digestibilities and N retention equal to 
those fed diets supplemented with urea to either a urea 
fermentation potential of 0 g kg~^ DM or isonitrogenous to the 
diet supplemented with CEBL, it appears that broiler litter 
ensiled at ambient temperature can be used to replace urea as 
a N source in diets balanced for adequate degradable N. 
Ruminai concentrations of ammonia-N and branched-chain VFA, 
concentrations of microbial N in rumen particles and specific 
acitivity of particle-attached cellulase on CMC also did not 
differ between steers fed the diets containing CEBL or a low 
urea and high phosphorus supplement. Supplemental amino acids 
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or branched-chain fatty acids have been reported to increase 
cellulose digestibility in alkali-treated straw (McAllan and 
Smith, 1983a). However, no advantage to supplementing 
untreated cornstalks with natural protein sources with a wide 
range of degradabilities has been reported (Adamu et al., 
1989). Because heating broiler litter at a temperature of 
55°C for 42 d increased the proportion of N that was slowly 
degraded and escaped ruminai degradation without increasing 
the proportion of indigestible N, the proportion of N that was 
retained in steers fed cornstalks supplemented with HEBL was 
greater than that retained by steers fed the CEBL-supplemented 
diet. 
Organic matter intake of steers fed cornstalks 
supplemented with urea to 0 g urea fermentation potential kg~^ 
DM and dicalcium phosphate to .18% P was lower than when 
supplemented with the same amount of urea and dicalcium 
phosphate to .26% P or ensiled broiler litter without 
additional phosphorus. Broiler litter also increased the 
proportion of microbial-N and the specific activity of 
cellulase bound to rumen particles to values equivalent to 
those of the urea supplement with the higher phosphorus level. 
This results imply that the phosphorus in ensiled broiler 
litter was equivalent to that in the commercial source, 
dicalcium phosphate. 
The major objective of undertaking this comprehensive 
study was to evaluate thé effects of supplements on 
116 
utilization of low quality roughages. The use of TNP-C or CMC 
as substrates to measure cellulolytic activity of rumen 
particle-attached microorganisms was validated. The 
relationship between measurements of cellulolytic activity 
with these substrates and in situ digestion of forages in the 
rumen was established. The possibility of using these methods 
as a tool to monitor microbial colonization of plant materials 
in the rumen was proposed. These methods were used 
simultaneously with the measurement of feed intake, 
digestibility and the passage and digestion kinetics to 
demonstrate the value of broiler litter as a nitrogen and 
phosphorus supplement for cornstalk-based diets for cattle. 
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